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TITLE OF THE INVENTION 

SOLID IMMERSION MIRROR AND REPRODUCING APPARATUS 

This application is based on applications Nos. 2000-236724, 2000-238315 and 
2000-247439 filed in Japan, the contents of which are hereby incorporated by reference. 

BACKGROUND OF THE INVENTION 
Field of the Invention 

[0001] The present invention relates to a solid immersion mirror for use in a 
microscope which uses light to observe samples, a recording/reproducing apparatus which 
uses light to record, reproduce and erase information, and the like. 

Description of the Background Art 

[0002] An optical microscope which employs a solid immersion lens (abbreviated 
hereinafter as an H SIL") is conventionally known. The SIL is made of a high refractive 
medium, and light entering the SIL is focused to a predetermined light focusing point on 
an SIL surface. The use of the SIL achieves the increase in numerical aperture in 
accordance with the refractive index of the medium. Therefore, bringing an object to be 
observed into proximity to a near-field region of the light focusing point of the SIL 
provides a smaller light-focused spot diameter. 

[0003] It has also been proposed to utilize such characteristics of the SIL to form a 
minute light spot, thereby achieving recording and reproduction using light. More 
specifically, a technique has been proposed which utilizes near-field light (not only 
limited to evanescent light but also including light existing in the near-field region of the 
light focusing point) near the light focusing point by bringing the light focusing point of 



the SIL and a recording medium in close proximity to each other, thereby to record and 
reproduce information on a minute region of the recording medium. 

[0004] On the other hand, a solid immersion mirror (abbreviated hereinafter as an 
"SIM") has also been proposed which produces functions similar to those of the SIL by 
the use of light reflection in a high refractive medium. The SIM which uses light 
reflection has the advantage of not causing a light-focusing deviation (i.e., chromatic 
aberration) resulting from wavelengths when light is focused. 
J [0005] Conventional examples of the SIM are disclosed in, for example, Japanese 

£ Patent Application Laid-Open No. 11-305132 (1999) and Japanese Patent Application 

gi Laid-Open No. 11-238238 (1999). The SIM disclosed in Japanese Patent Application 

m 

\| Laid-Open No. 1 1-305132 has a light source directly mounted to the SIM, and focuses a 

O divergent light beam from the light source. The SIM disclosed in Japanese Patent 

y Application Laid-Open No. 1 1-238238 focuses collimated light incident sideways on the 
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SIM. 

[0006] However, when directly mounting the light source to the SIM, it is difficult to 
adjust the positional relationship between the SIM and the light source, and therefore a 
high mounting accuracy is required. Further, when the SIM is mounted to a so-called 
floating slider similar to that of a hard disc for recording and reproduction, there arises 
another problem in increased weight of the floating slider. 

[0007] The SIM disclosed in Japanese Patent Application Laid-Open No. 1 1-305132 
has a lower surface which is flat and reflects light therefrom. Since the SIM is used in 
close proximity to an object, the SIM having the lower surface which is flat and serves as 
a reflecting surface has a high possibility that the lower surface contacts the object, and is 
in danger of damages to the reflecting surface. 

[0008] As in the SIM disclosed in Japanese Patent Application Laid-Open No. 



11-238238, on the other hand, the collimated light incident sideways on the SIM cannot 
impinge on the light focusing point uniformly (i.e., at uniform intensity from various 
directions) to result in an expanded or elliptical spot formed at the light focusing point. 
Uniform impingement of the light on the light focusing point requires previous control of 
an intensity distribution of the incident collimated light. It is, however, practically 
difficult to provide such an optical means. 

SUMMARY OF THE INVENTION 

[0009] The present invention is intended for a solid immersion mirror device made 
principally of a light-permeable medium having a refractive index of greater than 1. 
According to a first aspect of the present invention, the solid immersion mirror device 
comprises: a first reflecting surface which is part of a curved surface produced by rotating 
a parabola about a symmetry axis thereof; and a second reflecting surface which is part of 
a plane perpendicular to a line segment connecting the focus of the parabola and the 
vertex of the parabola, wherein collimated light entering the medium from the second 
reflecting surface side along the symmetry axis is reflected sequentially from the first and 
second reflecting surfaces while propagating in the medium, and is then focused to a light 
focusing point on a boundary of the medium. 

[0010] The first reflecting surface is part of the curved surface produced by rotating 
the parabola. This facilitates the design of the shapes of the first and second reflecting 
surfaces, and achieves the formation of a proper light spot at the light focusing point. 
[0011] According to a second aspect of the present invention, the solid immersion 
mirror device comprises: a first reflecting surface which is part of a curved surface 
produced by rotating part of a parabola lying on the opposite side of a rotational axis from 
the vertex of the parabola about the rotational axis, the rotational axis being parallel to the 
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symmetry axis of the parabola and intersecting the parabola at a position spaced apart 
from the vertex of the parabola; and a second reflecting surface which part of a conical 
surface produced by rotating part of a line lying on the opposite side of the rotational axis 
from the vertex, the line being perpendicular to a line segment connecting the focus of the 
parabola and a point of intersection of the parabola and the rotational axis within a plane 
including the parabola, wherein collimated light entering the medium from the second 
reflecting surface side along the rotational axis is reflected sequentially from the first and 
second reflecting surfaces while propagating in the medium, and is then focused to a light 
focusing point on a boundary of the medium. 

[0012] The first reflecting surface is part of the curved surface produced by rotating 
Sj the parabola. This also facilitates the design of the shapes of the first and second 

P reflecting surfaces, and achieves the formation of a proper light spot at the light focusing 
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jj point. 

[0013] According to a third aspect of the present invention, the solid immersion 
mirror device comprises: a first reflecting surface of a substantially annular shape and 
provided in a lower portion of the medium; and second reflecting surface provided in an 
upper portion of the medium, wherein light entering the medium in a predetermined 
direction from the upper portion to the lower portion is reflected sequentially from the 
first and second reflecting surfaces while propagating in the medium, and is then focused 
to a light focusing point on a boundary of the medium, and wherein part of light reflected 
from the first reflecting surface is reflected from near a point of intersection of the second 
reflecting surface and a line passing through the light focusing point and parallel to the 
predetermined direction. 

[0014] This enables light with a small incident angle to be incident on the light 
focusing point, thereby forming a proper light spot at the light focusing point. 



[0015] According to a fourth aspect of the present invention, the solid immersion 
mirror device comprises: a first reflecting surface provided in a lower portion of the 
medium; and a second reflecting surface provided in an upper portion of the medium, 
wherein at least part of light entering the medium in a predetermined direction from the 
upper portion to the lower portion passes through the second reflecting surface, is 
thereafter reflected sequentially from the first and second reflecting surfaces while 
propagating in the medium, and is then focused to a light focusing point on a boundary of 
the medium. 

[0016] This enables light to pass through the second reflecting surface to enter the 
medium, thereby utilizing the light efficiently. 

[0017] According to a fifth aspect of the present invention, the solid immersion 
mirror device comprises: an upper surface formed in an upper portion of the medium; and 
a side reflecting surface of a substantially tubular shape extending from the upper portion 
to a lower portion of the medium, wherein light entering the medium by way of the upper 
surface in a direction from the upper portion to the lower portion is reflected once from 
the side reflecting surface while propagating in the medium, and is then focused to a light 
focusing point on a boundary of the lower portion. 

[0018] This prevents damages to the reflecting surface of the solid immersion mirror 
device. 

[0019] According to a sixth aspect of the present invention, the solid immersion 
mirror device comprises: a light incident point positioned on a boundary of an upper 
portion of the medium; and a side reflecting surface of a substantially tubular shape 
extending from the upper portion to a lower portion of the medium, wherein divergent 
light entering the medium from the light incident point is reflected once from the side 
reflecting surface while propagating in the medium, and is then focused to a light 



focusing point on a boundary of the lower portion. 

[0020] This also prevents damages to the reflecting surface of the solid immersion 
mirror device. 

[0021] According to a seventh aspect of the present invention, the solid immersion 
mirror device comprises: a light incident point positioned on a boundary of an upper 
portion of the medium; a first reflecting surface positioned in a lower portion of the 
medium and having a downwardly protruding convex shape; and a second reflecting 
surface positioned in the upper portion, wherein divergent light entering the medium from 
the light incident point is reflected sequentially from the first and second reflecting 
surfaces while propagating in the medium, and is then focused to a light focusing point on 
a boundary of the lower portion. 

[0022] This also prevents damages to the reflecting surfaces of the solid immersion 
mirror device. 

[0023] According to an eighth aspect of the present invention, the solid immersion 
mirror device comprises: a light incident point positioned on a boundary of the medium; a 
first reflecting surface; and a second reflecting surface, wherein divergent light entering 
the medium from the light incident point is reflected from the first reflecting surface to be 
converted into collimated light while propagating in the medium, and the collimated light 
is reflected from the second reflecting surface and is then focused to a light focusing point 
on a boundary of the medium. 

[0024] This increases the flexibility in determining the positional relationship 

between the light incident point and the light focusing point. 

[0025] The present invention is also intended for a reproducing apparatus. 

[0026] It is therefore a primary object of the present invention to provide an SIM of a 

more preferable new form. 
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[0027] It is a specific object of the present invention to provide a solid immersion 
mirror (SIM) capable of forming a proper light-focused spot when light from a light 
source enters the SIM, and a reproducing apparatus which uses such an SIM. 
[0028] It is another specific object of the present invention to provide a solid 
immersion mirror capable of forming a proper light-focused spot without reflecting light 
from a lower surface thereof, and a reproducing apparatus which uses such an SIM. 
[0029] These and other objects, features, aspects and advantages of the present 
invention will become more apparent from the following detailed description of the 
present invention when taken in conjunction with the accompanying drawings. 



S| BRIEF DESCRIPTION OF THE DRAWINGS 



[0030] Fig. 1 is a schematic perspective view showing a construction of a 



LiJ recording/reproducing apparatus; 

Q [0031] Fig. 2 shows a construction of an optical unit and a construction for directing 

light into and out of the optical unit; 

[0032] Fig. 3 is a vertical sectional view showing a structure of an SIM (solid 
immersion mirror) according to a first preferred embodiment of the present invention; 
[0033] Fig. 4 is a view for illustrating a principle used when making a design 
determination of the shapes and positions of a first reflecting surface and a second 
reflecting surface in the SIM shown in Fig. 3; 

[0034] Fig. 5 illustrates modifications of a light focusing point of the SIM shown in 
Fig. 3; 

[0035] Fig. 6 is a vertical sectional view showing a structure of the SIM according to 
a second preferred embodiment of the present invention; 

[0036] Fig. 7 is a view for illustrating a principle used when making a design 
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determination of the shapes and positions of the first reflecting surface and the second 
reflecting surface in the SIM shown in Fig. 6; 

[0037] Fig. 8 illustrates modifications of the light focusing point of the SIM shown in 
Fig. 6; 

[0038] Fig. 9 is a vertical sectional view showing a structure of the SIM according to 
a third preferred embodiment of the present invention; 

[0039] Fig. 10 is a view for illustrating a principle used when making a design 
determination of the shapes and positions of the first reflecting surface and the second 
reflecting surface in the SIM shown in Fig. 9; 

[0040] Fig. 1 1 is a vertical sectional view showing a structure of the SIM according 
to a fourth preferred embodiment of the present invention; 

[0041] Fig. 12 is a vertical sectional view showing a structure of the SIM according 
to a fifth preferred embodiment of the present invention; 

[0042] Fig. 13 is a graph showing a transmittance characteristic of an upper surface 
of the SIM shown in Fig. 12 when the upper surface is a selectively reflecting surface 
which utilizes a difference in incident angle; 

[0043] Fig. 14 shows a structure near the upper surface of the SIM shown in Fig. 12 
when the upper surface is a selectively reflecting surface which utilizes a difference in 
polarization direction; 

[0044] Fig. 15 shows the SIM of Fig. 12 with a reflective coating applied to a lower 
surface thereof to form the first reflecting surface; 

[0045] Fig. 16 is a vertical sectional view showing a structure of the SIM according 
to a sixth preferred embodiment of the present invention; 

[0046] Fig. 17 is a view for illustrating a structure near the second reflecting surface 
of the SIM shown in Fig. 16; 



[0047] Fig. 18 shows a construction for converting light into ring-shaped light and 
the SIM; 

[0048] Fig. 19 shows an integrated structure of the construction for converting light 
into ring-shaped light and the SIM; 

[0049] Fig. 20 is a vertical sectional view showing a structure of the SIM (solid 
immersion mirror); 

[0050] Fig. 21 is a view for illustrating a principle used when making a design 
determination of the shape of a side reflecting surface and the position of the light 
focusing point in the SIM shown in Fig. 20; 

[0051] Figs. 22 through 26 are vertical sectional views showing other examples of the 
SIM; 

[0052] Figs. 27 and 28 are views for illustrating a method of producing the SIM; 
[0053] Fig. 29 is a view for illustrating a method of forming a reflective coat on the 
SIM; 

[0054] Fig. 30 is a schematic plan view showing a construction of a 

recording/reproducing apparatus; 

[0055] Fig. 31 schematically shows a construction of an optical unit and a light 
source unit; 

[0056] Fig. 32 is a vertical sectional view showing a structure of the SIM; 

[0057] Fig. 33 is a view for illustrating a principle used when making a design 

determination of the shape of the side reflecting surface and the positions of a light 

incident point and the light focusing point in the SIM shown in Fig. 32; 

[0058] Fig. 34 is a vertical sectional view illustrating the SIM of Fig. 32 with various 

types of coating applied thereto; 

[0059] Fig. 35 is a vertical sectional view showing a structure of the SIM; 
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[0060] Fig. 36 is a view for illustrating a principle used when making a design 
determination of the shapes and arrangement of upper and lower surfaces and the 
positions of the light incident point and the light focusing point in the SIM shown in Fig. 
35; 

[0061] Fig. 37 is a vertical sectional view showing a structure of the SIM; 
[0062] Figs. 38 and 39 are views for illustrating a principle used when making a 
design determination of the shape of the SIM shown in Fig. 37 and the positions of the 
light incident point and the light focusing point; 

[0063] Fig. 40 shows an example of a reflecting surface for conversion between 
diverging or converging light and collimated light; 

[0064] Fig. 41 is a vertical sectional view showing a structure of the SIM; 

[0065] Fig. 42 shows another example of the reflecting surface for conversion 

between diverging or converging light and collimated light; 

[0066] Fig. 43 is a view for illustrating a relationship between two reflecting surface 
elements shown in Fig. 42; 

[0067] Figs. 44 and 45 are vertical sectional views showing structures of the SIM; 
[0068] Fig. 46 shows the SIM of Fig. 32 being manufactured by a glass molding 
process; 

[0069] Fig. 47 shows a glass material after being pressed; 

[0070] Fig. 48 shows the SIM of Fig. 37 being manufactured by the glass molding 
process; 

[0071] Fig. 49 shows a glass material after being pressed; and 

[0072] Fig. 50 shows glass materials being bonded together after being pressed. 



DESCRIPTION OF THE PREFERRED EMBODIMENTS 
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[0073] <1 . First Preferred Embodiment 

[0074] <1 . 1 Construction of Recording/Reproducing Apparatus> 
[0075] Fig. 1 is a schematic perspective view showing a construction of a 
recording/reproducing apparatus 1 according to a first preferred embodiment of the 
present invention. The recording/reproducing apparatus 1 comprises: a rotating 
mechanism 5 for rotating a recording medium 9 such as an optical disc in a predetermined 
direction as indicated by an arrow 91 while holding the recording medium 9 thereon; an 
optical head 2 for recording, reading (reproducing) and erasing signals on a recording 
surface of the recording medium 9; a controller 3 for providing a drive control signal to 
the optical head 2 and the rotating mechanism 5; and a signal processor 4 for processing a 
recording signal (including an erase signal) for the recording medium 9 and a reproducing 
signal from the recording medium 9. 

[0076] The rotating mechanism 5 comprises a rotation driver 5 1 including a motor, 
and a rotating shaft 52. Based on the drive control signal from the controller 3, the 
rotation driver 51 rotates the rotating shaft 52 in the predetermined direction. The 
recording medium 9 is removable from the rotating shaft 52, and the recording medium 9 
mounted to the rotating shaft 52 rotates integrally with the rotating shaft 52. 
[0077] The optical head 2 comprises an optical unit 20 for recording, reproducing and 
erasing signals in proximity to the recording surface of the recording medium 9. For 
introducing light into the optical unit 20 and for detecting light from the optical unit 20, 
the optical head 2 further comprises a light source 1 1, a collimator lens 12, a beam splitter 
13, and a photodetector 14. The optical unit 20 is held by an arm 18 which is retractable 
and extendable by an arm driver 19 in a radial direction of the recording medium 9 as 
indicated by an arrow 181. 

[0078] Preferably, the light source 11 is a compact light source such as a 
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semiconductor laser. The light emission from the light source 1 1 is controlled by a drive 
circuit provided in the controller 3. The light emitted from the light source 11 is 
collimated (or rendered substantially parallel) by the collimator lens 12. The collimated 
light passes through the beam splitter 13 and the optical unit 20, and is then focused near 
the recording surface of the recording medium 9 to form a minute spot. 
[0079J Fig. 2 is a view showing a construction of the optical unit 20 and a 
construction for directing light into and out of the optical unit 20. In the optical unit 20 
are disposed a mirror 21 and a solid immersion mirror (SIM) 201 which are arranged 
vertically. The light from the light source 1 1 is directed to the SIM 201 by an optical 
system including the collimator lens 12 and the mirror 21. The light directed into the 
SIM 201 is reflected in (or at a boundary of) the SIM 201, and is then focused to a 
predetermined light focusing point on a lower surface of the SIM 201 . 
[0080] The lower surface of the SIM 201 and the recording surface of the recording 
medium 9 are positioned very close to each other. This allows the recording, 
reproduction and erasure of information by the use of the light existing in the near-field 
region of the minute spot formed on the lower surface of the SIM 201 . Since the SIM 
201 is made principally of a high refractive index medium (a medium having a refractive 
index of greater than 1) to be described later, bringing the SIM 201 into proximity to the 
recording surface increases the numerical aperture of the optical unit 20 to provide a very 
minute spot formed on the lower surface. This achieves high-density recording. 
[0081] The reflected light from the recording medium 9 (including light diffused in 
the near-field region of the minute spot) is directed out of the SIM 201 to the mirror 21 
and then enters the beam splitter 13. The light is reflected from the beam splitter 13 and 
enters the photodetector 14. Thus, the information recorded on the recording medium 9 
is read by the photodetector 14. 
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[0082] The light source 11, the collimator lens 12, the beam splitter 13 and the 
photodetector 14 are fixed in respectively predetermined positions. The arm 18 is 
extended and retracted along the optical axis of the light collimated by the collimator lens 
12. Therefore, independently of the movement of the optical unit 20, the light from the 
light source 1 1 is directed to a predetermined position of the optical unit 20 and then to 
the SIM 201. 

[0083] Referring again to Fig. 1, the arm 18 is extended and retracted in the 
substantially radial direction of the disc-shaped recording medium 9. Under the control 
of the controller 3, the arm 18 is moved by the arm driver 19 while the recording medium 
9 is rotated. This allows the SIM 201 to access any region of the recording surface, with 
the light focusing point of the SIM 20 1 opposed to the recording surface. In other words, 
the arm 18, the arm driver 19 and the rotation driver 51 constitute a scanning mechanism 
for scanning the SIM 201 along the recording surface. The arm 18 need not always 
move linearly toward and away from the center of rotation of the recording medium 9. 
Instead, an arm of a predetermined length may pivot in a substantially radial direction of 
the recording medium 9 or other scanning mechanisms may be used. 
[0084] In accordance with the rotation of the recording medium 9 and the extension 
and retraction of the optical unit 20, the signal processor 4 provides information to be 
recorded on the recording medium 9 through the controller 3 to the laser drive circuit, 
thereby to record (or erase) information on the recording medium 9. Further, the signal 
processor 4 processes a signal detected by the photodetector 14 through the controller 3, 
thereby to read the information recorded on the recording medium 9. The read 
information is outputted, as required, to other information processing equipment. 
[0085] A variety of techniques utilizing light may be used to record, reproduce and 
erase information on the recording medium 9 in the recording/reproducing apparatus 1. 
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One preferable technique usable herein is to change an optical characteristic of a 
photochrome material by the use of light with different wavelengths. In this technique, 
a recording layer made of a photochromic material is provided on the recording surface of 
the recording medium 9, and the light source 11 has a plurality of laser light emitting 
devices for generating light of wavelengths, e.g., for recording, reproduction and erasure. 
Light of wavelengths which change the optical characteristic of the photochromic 
material is used as the light of wavelengths for recording and erasure, and light of a 
wavelength which makes no change in the optical characteristic of the photochromic 
material is used as the light of the wavelength for reproduction. 

[0086] The recording/reproducing apparatus 1 may record, erase and reproduce 
information by the use of light of only two wavelengths or may employ other principles 
which utilize light to record, erase and reproduce information. Alternatively, another 
apparatus may be used to record information whereas the apparatus shown in Fig. 1 is 
employed as a reproduction-only apparatus. 

[0087] Additionally, the recording/reproducing apparatus 1, which employs the SIM 
201 utilizing light reflection, does not cause a difference in degree of light focusing 
resulting from a light wavelength difference, i.e. chromatic aberration, and can properly 
focus light of various wavelengths. Therefore, the recording/reproducing apparatus 1 
may be an apparatus capable of utilizing other recording media (e.g., CD and DVD). 
[0088] <1 .2 Structure of Solid Immersion Mirror> 

[0089] Fig. 3 is a vertical sectional view showing a structure of the SIM 201 to be 
provided in the optical unit 20. 

[0090] The SIM 201 is made principally of a light-permeable high-refractive-index 
medium 210, and collimated light 7 enters the medium 210 in a direction from an upper 
surface 220 to a lower surface 230 thereof. The shape of the SIM 201 is a solid of 
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revolution about an axis 211. A substantially annular first reflecting surface 231 is 
formed in an outer peripheral portion of the lower surface 230, and a circular second 
reflecting surface 221 is formed in a central portion of the upper surface 220. 
[0091] These reflecting surfaces are formed by applying a reflective coating to 
portions of the lower and upper surfaces 230 and 220. The light 7 which impinges upon 
the entire upper surface 220 is intercepted by the second reflecting surface 221 in the 
central portion. 

[0092] The light 7 enters the medium 210 in a direction parallel to the axis 211, and 
J is reflected from the first reflecting surface 231. While converging, the reflected light 

J[j impinges upon the second reflecting surface 22 1 , and then is focused to a predetermined 

CP 

yj light focusing point 232 on the lower surface 230 (i.e., on a boundary of the medium 

210). 

s 

%j [0093] Fig. 4 is a view for illustrating a principle used when making a design 

y 

determination of the shapes and positions of the first reflecting surface 231 and the 
M* second reflecting surface 221 . 

[0094] Assuming that the collimated light 7 is incident on a parabola 830 in a 
direction parallel to a symmetry axis 811 of the parabola 830 and reflected from the 
parabola 830, the reflected light is focused onto the focus 833 of the parabola 830. 
When a line 82 1 is drawn which is a perpendicular bisector of a line segment connecting 
the focus 833 and the vertex 832 of the parabola 830, the focus 833 and the vertex 832 are 
conjugate to each other. Therefore, assuming that light is reflected from the underside 
of the line 821, the reflected light is focused onto the vertex 832. 

[0095] Referring again to Fig. 3, a curved surface produced by rotating the parabola 
830 shown in Fig. 4 about the symmetry axis 811 and used as a reflecting surface 
corresponds to the first reflecting surface 231, and a flat surface produced by rotating the 
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line 821 about the symmetry axis 811 corresponds to the second reflecting surface 221. 
In other words, the first reflecting surface 231 is part of a curved surface (whose concave 
side is used as the reflecting surface) produced by rotating the parabola 830 about the 
symmetry axis 811, and the second reflecting surface 221 is part of a flat surface which is 
a perpendicular bisector of the line segment connecting the focus 833 and the vertex 832. 
[0096] By determining the shapes and positions of the first reflecting surface 23 1 and 
the second reflecting surface 221 as described above, the collimated light 7 entering the 
medium 210 from the second reflecting surface 221 side (or from above the second 
reflecting surface 221) along the axis 211 is reflected sequentially from the first and 
second reflecting surfaces 231 and 221 while propagating in the medium 210, and is then 
focused to the light focusing point 232 corresponding to the vertex 832. 
[0097] The lower surface 230 need not be of the shape produced by rotating the 
parabola extending to near the light focusing point 232, and therefore may be of the shape 
of a flat surface or the like near the light focusing point 232. Further, the position of the 
line 821 in Fig. 4 may be changed in an upward or downward direction to upwardly or 
downwardly move the position of the point to which light is focused. More particularly, 
as shown in Fig. 5, changes may be made to a distance between the first reflecting surface 
231 and the second reflecting surface 221 to design an SIM 201a and an SIM 201b in 
which the position of the light focusing point 232 is modified along the axis 211. 
[0098] The light focused to the light focusing point 232 forms a minute spot, and 
bringing the recording surface of the recording medium 9 into proximity to the light 
focusing point 232 allows information recording, reproduction and erasure utilizing 
near-field light. 

[0099] Moreover, since the SIM 201 is rotationally symmetric about the axis 211 
serving as a center of rotation, light is incident on the light focusing point 232 uniformly 
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from therearound to form a properly circular spot. Consequently, the 
recording/reproducing apparatus 1 can perform proper recording, reproducing and erasing 
operations. 
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[0100] <2. Second Preferred Embodiment 

[0101] Another form of the SIM will be described according to a second preferred 
embodiment of the present invention. Fig. 6 is a vertical sectional view showing an SIM 
202 according to the second preferred embodiment. 
*0 [0102] Like the SIM 201 according to the first preferred embodiment, the SIM 202 

has the shape of a solid of revolution about the axis 211. The first reflecting surface 23 1 
of the SIM 202 is also substantially annular, but the second reflecting surface 221 is a 
conical surface with its vertex pointing toward the lower surface 230. 
[0103] Fig. 7 is a view for illustrating a principle used when making a design 
determination of the shapes and positions of the first reflecting surface 231 and the 
second reflecting surface 221. 

[0104] Assuming that the collimated light 7 is incident on the parabola 830 in a 
direction parallel to the symmetry axis 811 of the parabola 830 and reflected from the 
parabola 830 as described with reference to Fig. 4, the reflected light is focused onto the 
focus 833 of the parabola 830. A point 834 is now established which is spaced apart 
from the vertex 832 and lies on the parabola 830, and the line 821 is drawn which is a 
perpendicular bisector of a line segment connecting the focus 833 and the point 834. 
Assuming that light is reflected from the underside of the line 821, the reflected light is 
focused onto the point 834. 

[0105] The SIM 202 shown in Fig. 6 has a shape produced by rotating part of the 
figure which lies on the opposite side of an axis 811a from the vertex 832 (i.e., which lies 
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to the right of the axis 81 la as viewed in Fig. 7) about the axis 81 la, the axis 811a being 
parallel to the symmetry axis 811 and passing through the point 834. In other words, the 
lower surface 230 is part of a curved surface (whose concave side is used as the reflecting 
surface) produced by rotating the right-hand part of the parabola 830 with respect to the 
axis 811a, and the second reflecting surface 221 formed at the upper surface 220 is part of 
a conical surface produced by rotating a right-hand line segment 821a of the line 821 with 
respect to the axis 811a. A point corresponding to the point 834 is established as the 
light focusing point 232 on the boundary of the medium 210. 

[0106] Thus, the collimated light 7 entering the medium 210 from the second 
reflecting surface 221 side (or from above the second reflecting surface 221) along the 
axis 211 is reflected sequentially from the first and second reflecting surfaces 231 and 
221 while propagating in the medium 210, and is then focused to the light focusing point 
^ 232. Also in the SIM 202, light is incident on the light focusing point 232 uniformly 

from therearound to form a proper circular spot. 

[0107] A surface outside the second reflecting surface 221 through which the light 7 
enters the medium 210 (or part of the upper surface 220 other than the second reflecting 
surface 221) is a flat surface perpendicular to the incident direction of the light 7 to 
prevent occurrence of chromatic aberration. 

[0108] In the SIM 202, the light entering the medium 210 through near the outer 
periphery of the second reflecting surface 221 is permitted to be reflected from the first 
reflecting surface 231 and thereafter from about the center of the second reflecting surface 
221 as shown in Fig. 6. In other words, with reference to Fig. 7, light passing through 
near the right-hand end of the line segment 821a is permitted to be reflected from the 
parabola 830 and thereafter from near the left-hand end of the line segment 821a (or near 
the intersection of the line 821 and the axis 811a) and be incident on the point 834 along 
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the axis 811a. 

[0109] Such shapes and positions of the first reflecting surface 231 and the second 
reflecting surface 221 allow part of the light reflected from the first reflecting surface 231 
to be reflected from near the intersection of the axis 211 and the second reflecting surface 
221 toward the light focusing point 232, whereby a light component having an incident 
angle of approximately 0° (with respect to the axis 21 1) is incident on the light focusing 
point 232. 

[0110] In general, the increase in incident angle of the light incident on the light 
focusing point 232 increases the numerical aperture of the optical system to intensify the 
intensity distribution of a formed spot in a central minute region. However, if only light 
having a greater incident angle is incident on the light focusing point 232 but light having 
a smaller incident angle is not incident on the light focusing point 232, a ring-shaped 
bright region (known as side lobe) is formed also on the periphery of the spot. Such an 
incident state of light is referred to hereinafter as "intermediate vacancy." 
[0111] When the intermediate vacancy occurs, an ideal spot is not formed in which 
the intensity is the highest at the center thereof and gradually decreases toward the 
periphery thereof, and the efficiency of use of light is reduced. 

[0112] The SIM 202 can direct light from directly over the light focusing point 232, 
i.e. from near the center of the second reflecting surface 221, to the light focusing point 
232 to prevent the intermediate vacancy, thereby achieving the formation of a proper spot. 
[0113] Since light having a smaller incident angle (i.e. a light component having a 
smaller numerical aperture) forms a larger spot at the light focusing point 232, it can be 
considered that the degree of intermediate vacancy is desired to be controlled. In Fig. 7, 
as the right-hand end of the line segment 821a is moved to a further rightwardly extended 
position, the degree of intermediate vacancy becomes greater. Therefore, the degree of 
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intermediate vacancy may be controlled by adjusting the position of the right-hand end of 
the line segment 821a 5 i.e., by adjusting the size of the second reflecting surface 221 of 
Fig. 6. This achieves the formation of an ideal spot, as required. 

[0114] The lower surface 230 need not be of the shape produced by rotating the 
parabola extending to near the light focusing point 232, and therefore may be of the shape 
of a flat surface or the like near the light focusing point 232. Further, the position of the 
line 821 in Fig. 7 may be changed in an upward or downward direction to upwardly or 
downwardly move the position of the point to which light is focused. More particularly, 
jig as shown in Fig. 8, changes may be made to the distance between the first reflecting 

M= surface 231 and the second reflecting surface 221 to design an SIM 202a and an SIM 

Si 

CP 202b in which the position of the light focusing point 232 is modified along the axis 211. 

y 

3 

O [0115] <3 . Third Preferred Embodiment 

%f 

W [0116] Still another form of the SIM will be described according to a third preferred 

2 embodiment of the present invention. Fig. 9 is a vertical sectional view showing an SIM 

203 according to the third preferred embodiment. 

[0117] The SIM 203 has the shape of a solid of revolution about the axis 211. The 
lower surface 230 of the SIM 203 is part of a conical surface with its vertex pointing 
downward, and the first reflecting surface 231 is substantially annular. The second 
reflecting surface 221 is a curved surface protruding inwardly of the medium 210. In the 
SIM 203, the second reflecting surface 221 as viewed in section contributes to light 
focusing. 

[0118] Fig. 10 is a view for illustrating a principle used when making a design 
determination of the shapes and positions of the first reflecting surface 231 and the 
second reflecting surface 221. 
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[0119] With reference to Fig. 10 5 assuming that the collimated light 7 is reflected 
from a line 830a passing through the focus 833 of a parabola 821b, the reflected light 
from the line 830a is parallel to the symmetry axis 81 1 of the parabola 821b. Therefore, 
the light assumed to be reflected from the line 830a and the parabola 821b is focused onto 
the focus 833. 

[0120] The SIM 203 shown in Fig. 9 has a shape produced by rotating parts of the 
parabola 821b and the line 830a which lie on the opposite side of an axis 811b from the 
vertex 832 about the axis 811b, the axis 811b being parallel to the direction of travel of 
the light 7 and passing through the focus 833. In other words, the lower surface 230 and 
the first reflecting surface 23 1 are parts of a conical surface (or a side surface of a cone 
having an axis of rotation parallel to the incident direction of the light 7 and a vertex 
%j pointed downward) produced by rotating the line 830a about the axis 811b, and the 

£ 

p second reflecting surface 221 is part of a curved surface (whose focus 833 side is used as 

SI 

UJ the reflecting surface) produced by rotating the parabola 821b about the axis 81 lb. 

O [0121] A surface outside the second reflecting surface 221 through which the light 7 

enters the medium 210 (or part of the upper surface 220 other than the second reflecting 
surface 221) is a flat surface perpendicular to the incident direction of the light 7 to 
prevent occurrence of chromatic aberration. 

[0122] In the SIM 203, the light 7 entering the medium 210 through near the outer 
periphery of the second reflecting surface 221 is permitted to be reflected from the first 
reflecting surface 231 and thereafter be incident from about the center of the second 
reflecting surface 221, i.e. from directly over the light focusing point 232, on the light 
focusing point 232, as in the second preferred embodiment. Thus, the SIM 203 can 
prevent the intermediate vacancy (or adjust the degree of intermediate vacancy). This 
allows light to be incident on the light focusing point 232 uniformly from therearound 
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while preventing the intermediate vacancy, to form a proper spot. 
[0123] <4. Fourth Preferred Embodiment 

[0124] The first reflecting surface 23 1 has a parabolic sectional shape as taken along 
a plane including the axis 2 1 1 in the first and second preferred embodiments, and the 
second reflecting surface 221 has a parabolic sectional shape as taken along a plane 
including the axis 211 in the third preferred embodiment. That is, either the first 
reflecting surface 231 or the second reflecting surface 221 functions to focus light as 
^ viewed in section. In these preferred embodiments, the use of the parabolic sectional 

jpj* shape facilitates the design of the relationship between the light focusing point 232 and 

M 

m the reflecting surfaces. 

W 

\j [0125] Unlike the first to third preferred embodiments, the design may be prepared so 

3 

G that both of the first and second reflecting surfaces 231 and 221 focus light as viewed in 

yj section. Fig. 1 1 shows an example of the first and second reflecting surfaces 23 1 and 

O 221 both functioning to focus the collimated light 7 to the light focusing point 232, as 

viewed in section taken along a plane including the axis 211. In an SIM 204 shown in 
Fig. 11, each of the first and second reflecting surfaces 231 and 221 is a curved surface 
having a sectional shape of a curved line, i.e. part of a curved surface produced by 
rotating a curved line about the axis 211, and part of the upper surface 220 of the medium 
210 other than the second reflecting surface 221 is a flat surface perpendicular to the 
incident direction of the light 7. This improves design flexibility. 

[0126] The SIM 204 shown in Fig. 1 1 also allows light to be incident on the light 
focusing point 232 uniformly from therearound while preventing the intermediate 
vacancy, to form a proper spot. 

[0127] The first reflecting surface 231 and the second reflecting surface 221 
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according to the first to fourth preferred embodiments are shown as formed by applying a 
reflective coating to the surfaces of the medium 210. However, the need to provide the 
reflective coating may be eliminated if the medium 210 has a sufficiently high refractive 
index. Additionally, the first reflecting surface 231 and the lower surface 230 need not 
be smoothly continuous surfaces but may be discontinuous. 
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[0128] <5. Fifth Preferred Embodiment 

[0129] Description will be given on an SIM 205 according to a fifth preferred 
embodiment of the present invention which uses the entire upper surface 220 of the 
medium 210 as a light incident region through which the light 7 enters the medium 210. 
[0130] The SIM 205 shown in Fig. 12 has the shape of a solid of revolution about the 
an axis 211. The upper surface 220 of the medium 210 is a flat surface, and the lower 
surface 230 is part of a curved surface produced by rotating a parabola about the 
W symmetry axis. The relationship between the upper surface 220 and the lower surface 

230 of the SIM 205 is similar to that of the SIM 201 of the first preferred embodiment. 
[0131] The upper surface 220 transmits the collimated light 7 incident thereon from 
above in a direction parallel to the axis 211, and the lower surface 230 acts as the first 
reflecting surface for reflecting the light 7. On the other hand, the entire upper surface 
220 also functions as the second reflecting surface for reflecting the light reflected from 
the lower surface 230. Therefore, the light 7 passing through the upper surface 220 is 
reflected sequentially from the lower surface 230 and the upper surface 220, and then 
focused to the light focusing point 232. 

[0132] Unlike the SIM 201 shown in Fig. 3, the SIM 205 with the entire upper 
surface 220 functioning as a surface on which the light 7 is incident can efficiently utilize 
the incident light to form a spot at the light focusing point 232. Additionally, light with 
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various incident angles is incident on the light focusing point 232 from various directions, 
thereby to form a proper spot free from the intermediate vacancy. 

[0133] The upper surface 220 used herein is a surface having the property of 
transmitting the light 7 from outside and reflecting the light reflected from the lower 
surface 230. The light 7 from outside impinges on the upper surface 220 in a direction 
perpendicular to the upper surface 220, and light from inside impinges on the upper 
surface 220 at relatively large incident angles. Therefore, a surface is usable herein 
which has a property such that the transmittance thereof approaches 100% only when the 

Q 

<£ incident angle is close to 0° as shown in Fig. 13. Such a surface having the property of 

H» selectively transmitting the light with small incident angles is readily obtainable by 

SS 

applying a multi-layer dielectric film coating. 
^ [0134] The surface having the selectively reflective (transmissive) property of 

R transmitting the incident light from outside and reflecting the light from inside may be 

8 ff attained by the use of polarization of light. 

Ff [0135] Fig. 14 shows a structure near the upper surface 220 when a difference in 

polarization direction is utilized. Referring to Fig. 14, a polarization-based separation 
reflecting surface 222 serves substantially as the upper surface 220, and a wave plate 223 
is provided between the upper surface 220 and the lower surface 230. The 
polarization-based separation reflecting surface 222 has the property of transmitting light 
polarized in a predetermined polarization direction and reflecting light polarized in a 
polarization direction perpendicular to the predetermined polarization direction of the 
polarized light passing therethrough. The wave plate 223 changes the state of 
polarization of light passing therethrough by providing an optical path difference of 
one-quarter wavelength between the phases of polarized light components having 
oscillation directions perpendicular to each other. The polarization-based separation 
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reflecting surface 222 and the wave plate 223 may be bonded together either directly or 
with a medium therebetween. 

[0136] Examples of the polarization-based separation reflecting surface 222 usable 
herein include a polarization beam splitter array disclosed in Japanese Patent Application 
Laid-Open No. 5-19208 (1993), a flat-plate polarization-based separator disclosed in 
Japanese Patent Application Laid-Open No. 5-215919 (1993), and a reflective polarizer 
disclosed in National Publication of Translation No. 9-506985 (1997). A product 
embodying the polarization-based separation reflecting surface 222 which may be used 
§ herein includes, for example, a thin-film reflective polarizing film available under the 

trade name of DBEF (from SUMITOMO 3M Limited). 

[0137] With reference to Fig. 14, it is assumed that the light 7 entering the medium 



\1 210 is linearly polarized light having a polarization direction (oscillation direction) 



parallel to the plane of the figure and the polarization-based separation reflecting surface 
W 222 transmits such polarized light. Then, the light 7 transmitted through the wave plate 

223 becomes circularly polarized light. When reflected from the lower surface 230, the 
light 7 is transmitted through the wave plate 223 again to become polarized light having a 
polarization direction perpendicular to the plane of the figure. This causes the light from 
the lower surface 230 to be reflected from the polarization-based separation reflecting 
surface 222 toward the light focusing point 232. Consequently, the light entering the 
medium 210 by way of the upper surface 220 is reflected sequentially from the lower and 
upper surfaces 230 and 220, and is then focused to the light focusing point 232 efficiently. 
[0138] As described above, the SIM 205 can focus the light 7 incident on the entire 
upper surface 220 to the light focusing point 232 efficiently by applying a multi-layer 
dielectric coating to the upper surface 220 or by providing the polarization-based 
separation reflecting surface 222 and the wave plate 223. Further, the SIM 205 which 
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uses light with small incident angles to form a spot can prevent the intermediate vacancy, 
to form a proper spot. 

[0139] Fig. 15 shows an SIM 205a with a reflective coating applied to the lower 
surface 230 of the SIM 205 shown in Fig. 12 to form the first reflecting surface 231. 
The SIM 205a has the first reflecting surface 231 formed by applying the coating to the 
substantially entire lower surface, and a minute opening 231a formed at the light focusing 
point 232 for directing light outwardly. 

[0140] The coating in other regions than the minute opening 231a near the light 
focusing point 232 also functions as a mask for preventing light from being released 
h outwardly at other positions than the light focusing point 232. Preferably, the minute 

opening 231a has a diameter of not greater than about 1 u m. Further, when only light 
in the near-field region of the light focusing point 232 is directed outwardly from the 
minute opening 231a for use in recording and reproduction, the diameter of the minute 
\L opening 23 1 a preferably is not greater than the wavelength of light. 

K* [0141] The mask near the light focusing point 232 need not double as the first 

reflecting surface 23 1 . Another purpose-built mask may be formed on the surface of the 
medium 2 1 0 near the light focusing point 232. Moreover, the mask may be formed near 
the light focusing point 232 in any one of the other preferred embodiments. 



Pi 



[0142] <6. Sixth Preferred Embodiment 

[0143] Although the upper surface 220 shown in Fig. 14 is the selectively reflecting 
surface which transmits light polarized in the predetermined polarization direction and 
reflects light polarized in a polarization direction perpendicular to the predetermined 
polarization direction of the polarized light passing therethrough, the selectively reflecting 
surface which is the second reflecting surface 221 may be present inside the medium 210, 
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as shown in Fig. 16. This allows the shape of the second reflecting surface 221 to be 
made independent of the shape of the upper surface 220. 

[0144] An SIM 206 shown in Fig. 16 has the upper and lower surfaces 220 and 230 
which are flat surfaces perpendicular to the direction of travel of the collimated light 7. 
The upper surface 220 is flat to prevent the occurrence of chromatic aberration. The 
second reflecting surface 221 is part of a curved surface produced by rotating about the 
axis 211a parabola having a symmetry axis (corresponding to the axis 211) parallel to the 
direction of travel of the light 7. The light focusing point 232 on the lower surface 230 

Q 

corresponds to the focus of the parabola. 

yn 

y, [0145] Fig. 17 is a view for illustrating a structure near the second reflecting surface 

CP 221. As shown in Fig. 17, the polarization-based separation reflecting surface 222 

^ serves substantially as the second reflecting surface 221, and the quarter wave plate 223 

S 

S (similar to the wave plate shown in Fig. 14) is provided between the second reflecting 

H surface 221 and the lower surface 230. The polarization-based separation reflecting 

P. surface 222 transmits light polarized in a predetermined polarization direction and reflects 

re- 
light polarized in a polarization direction perpendicular to the predetermined polarization 

direction. In Fig. 17, the polarized light having a polarization direction (oscillation 

direction) parallel to the plane of the figure is shown as transmitted through the 

polarization-based separation reflecting surface 222, and the polarized light having a 

polarization direction perpendicular to the plane of the figure is shown as reflected from 

the polarization-based separation reflecting surface 222. 

[0146] Even when the second reflecting surface 221 is provided inside the medium 
210, the light 7 having the polarization direction parallel to the plane of the figure is 
transmitted through the upper surface 220, the polarization-based separation reflecting 
surface 222 and the wave plate 223 to become circularly polarized light which in turn is 
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reflected from the lower surface 230. Thereafter, the light is transmitted through the 
wave plate 223 again to become polarized light having the polarization direction 
perpendicular to the plane of the figure, which in turn is reflected from the 
polarization-based separation reflecting surface 222. Consequently, the light 7 entering 
the medium 210 by way of the entire upper surface of the SIM 206 is focused to the light 
focusing point 232, and the incident light is efficiently utilized to form a spot. 
[0147] Further, the SIM 206 which also uses light with small incident angles to form 
a spot can prevent the intermediate vacancy, to form a proper spot. 

O 

*0 [0148] Additionally, the SIM 206 allows light with a greater incident angle than does 

ft the SIM 205, i.e. a light component which provides a greater numerical aperture, to be 

incident on the light focusing point 232, thereby to produce a smaller spot formed at the 
light focusing point 232. 

[0149] The SIM 206 shown in Fig. 16 which has the medium 210 including upper 
and lower portions on opposite sides of the second reflecting surface 221 respectively is 
produced, for example, by forming the shapes of the upper and lower portions of the 
medium 210 by a glass molding process, mounting the wave plate 223 and the 
polarization-based separation reflecting surface 222 to one of the upper and lower 
portions of the medium 210, and then bonding the upper and lower portions of the 
medium 210 together using an optically matched adhesive or the like. Of course, it is 
not necessary that the polarization-based separation reflecting surface 222 and the wave 
plate 223 are in contact with each other at the second reflecting surface 221, but other 
media may be present therebetween. The shape of the wave plate 223 is not limited to 
the shape which extends along the shape of the polarization-based separation reflecting 
surface 222. 
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[0150] <7. Modifications of First to Sixth Preferred Embodiments 
[0151] The preferred embodiments according to the present invention have been 
described hereinabove. The present invention, however, is not limited to the 
above-mentioned preferred embodiments, but various modifications may be made thereto. 
[0152] For instance, the SIMs according to the first to third, fifth and sixth preferred 
embodiments utilize parabolas as the sectional shapes of the reflecting surfaces to focus 
the collimated light easily and properly. However, the incident light may be gradually 
converging light or gradually diverging light, and the curved lines of the reflecting 
surfaces as viewed in section may be modified as required. Even if such modifications 
are made to the SIM shown in Fig. 6 or 9, the SIM capable of preventing or controlling 
the intermediate vacancy is attainable. Even if similar modifications are made to the 
SIM shown in Fig. 12 or 16, efficient focusing of the incident light is achieved. 
[0153] The first reflecting surface 231 and the second reflecting surface 221 are 
formed at the surfaces of the medium 210 (or the surfaces themselves serve as the 
reflecting surfaces) in the above-mentioned preferred embodiments except the sixth 
preferred embodiment. However, the first reflecting surface 231 and the second 
reflecting surface 221 may be positioned inside the medium 210. When the light 7 is 
regarded as incident on the upper surface of the medium 210, the first reflecting surface 
231 and the second reflecting surface 221 may be positioned in relatively lower and upper 
parts of the medium 210, respectively. 

[0154] Although the first reflecting surface 231 or the second reflecting surface 221 
contributes to light focusing as viewed in section in the fifth and sixth preferred 
embodiments, both of the first and second reflecting surfaces 231 and 221 may contribute 
to light focusing as viewed in section. 

[0155] As described above, the first reflecting surface 231 and the second reflecting 
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surface 221 (except when used as the selectively reflecting surface) may be part of the 
surface of the medium 210, in which case it is preferable that the medium 210 has a 
sufficiently high refractive index. For example, the refractive index of the medium 210 
is preferably not less than 1.5 when most of the light incident on the reflecting surfaces 
has an incident angle of not less than 45° . 

[0156] In the first to fourth preferred embodiments, the light 7 enters the medium 210 
by way of the outer periphery of the second reflecting surface 221, in which case a 
construction for rendering the collimated light 7 ring-shaped may be added for effective 
use of light, as shown in Fig. 18 or Fig. 19. Referring to Fig. 18, a ring-shaped member 
261 having a substantially annular reflecting surface 261a and a conical member 262 
having a reflecting surface 262a convert the light 7 into ring-shaped light which in turn 
enters the SIM 201. Referring to Fig. 19, the reflecting surface 261a of Fig. 18 is 
formed on a surface of the medium 210 and the reflecting surface 262a of Fig. 18 is 
provided inside the medium 210. This provides the SIM 201 in which a construction for 
2 rendering the light 7 ring-shaped and a construction for focusing light are integrated 

together. Thus, the construction for rendering the light 7 ring-shaped may be present 
outside the SIM or substantially inside the SIM. Other techniques may be used to render 
the light 7 ring-shaped. 

[01571 For the SIM employing the polarization-based separation reflecting surface 
222, the incident light 7 is not limited to the polarized light. In other words, only at least 
part of the incident light is required to pass through the second reflecting surface 221. 
The wave plate is not limited to that which changes the state of polarization of light by 
one-quarter wavelength, but any means may be used which can provide a 90° change in 
polarization direction between the light passing through the polarization-based separation 
reflecting surface 222 and the light incident on the polarization-based separation 
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reflecting surface 222 after being reflected from the lower surface 230. 
[0158] In the recording/reproducing apparatus 1 according to the first preferred 
embodiment, the SIM 201 may be fixed to the arm 18 or may be of a floating slider type 
mounted to the arm 1 8 in a manner similar to a magnetic head of a hard disc. The same 
is true for the SIMs according to the remaining preferred embodiments. 
[0159] In the above-mentioned preferred embodiments, the light from the recording 
surface of the recording medium 9 of the recording/reproducing apparatus 1 is illustrated 
as directed through the SIM into the photodetector 14. Instead, a photodetector for 
S detecting released light resulting from scattering of near-field light near the light focusing 

£ point 232 from the recording surface may be provided outside the optical head 2 to read 

M 

^ information. 

yj 

^ [0160] The SIMs described above may be employed in other than the apparatus for 

R recording, reproducing or erasing information on the recording medium 9. For example, 

W the SIMs may be employed in a master exposure apparatus for producing a master optical 

jrf disc or a microscope for observation of samples. 

[0161] Although the configurations of the SIM have been described using the light 
propagating in the medium 210 when the light 7 is directed from above the upper surface 
220 of the SIM into the medium 210, it is not always necessary that the light is directed 
from above the second reflecting surface 221 when the SIM is used. For example, when 
the SIM is used for a near-field optical microscope for observation of a light-permeable 
sample in a transparent mode, illumination is provided in a direction opposite from the 
direction of observation, and near-field light near the surface of the sample is received by 
the SIM and directed outwardly through the upper surface 220. 

[0162] <8. Seventh Preferred Embodiment 
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[0163] The recording/reproducing apparatus according to a seventh preferred 
embodiment of the present invention will now be described. In the seventh preferred 
embodiment, description will be given on an SIM 207 of a different form which is used in 
place of the above-mentioned SIMs 201 to 206 in the above-mentioned 
recording/reproducing apparatus. 

[0164] Fig. 20 is a vertical sectional view showing a structure of the SIM 207 to be 
provided in the optical unit 20. 

[0165] The SIM 207 is made principally of the light-permeable high-refractive-index 
medium 210, and the collimated light 7 enters the medium 210 in a direction from the 
upper surface 220 formed in an upper portion of the medium 210 to the lower surface 230 
formed in a lower portion thereof. The SIM 207 has the shape of a solid of revolution 
about the axis 21 1 . A side surface between the upper surface 220 and the lower surface 
230 is a substantially tubular reflecting surface (referred to hereinafter as a "side 
reflecting surface") 240. In the SIM 207, the light 7 enters the medium 210 in a 
direction parallel to the axis 211, is reflected once from the side reflecting surface 240, 
and then is focused to a predetermined light focusing point 233 on the lower surface 230 
(i.e., on a boundary of the medium 210). 

[0166] Fig. 21 is a view for illustrating a principle used when making a design 
determination of the shape of the side reflecting surface 240 and the position of the light 
focusing point 233. 

[0167] Assuming that the collimated light 7 is incident on a parabola 840 in a 
direction parallel to the symmetry axis 811 of the parabola 840 and reflected from the 
parabola 840, the reflected light is focused onto the focus 833 of the parabola 840. 
Referring again to Fig. 20, part of a curved surface produced by rotating the parabola 840 
about the symmetry axis 811 shown in Fig. 21 corresponds to the side reflecting surface 
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240, and part of a plane 860 passing through the focus 833 and perpendicular to the 
symmetry axis 81 1 corresponds to the lower surface 230. The position of the focus 833 
corresponds to the light focusing point 233. 

[01681 The upper surface 220 is a flat surface perpendicular to the direction of travel 
of the light 7 to prevent occurrence of chromatic aberration in the light spot formed at the 
light focusing point 233. 

[0169] By determining the shape of the side reflecting surface 240 and the position of 
the light focusing point 233 as described above, the collimated light 7 entering the 
medium 210 by way of the upper surface 220 along the axis 211, that is, in a downward 
direction of the medium 210 is reflected once from the side reflecting surface 240 while 
propagating in the medium 210, and is then focused to the light focusing point 233. 
3 Therefore, bringing the recording surface of the recording medium 9 into proximity to the 

light focusing point 233 allows information recording, reproduction and erasure utilizing 
near-field light. 

[0170] Since the SIM 207 is rotationally symmetric about the axis 21 1 serving as a 
center of rotation, light is incident on the light focusing point 233 uniformly from 
therearound to form a properly circular spot. Consequently, the recording/reproducing 
apparatus 1 can perform proper recording, reproducing and erasing operations. 
[0171] In the SIM 207, the light is reflected only once from the side reflecting surface 
240 before being focused. In other words, the SIM 207 can focus the light to the light 
focusing point 233 without reflecting the light from the lower surface 230 thereof. In 
case of damages to the lower surface 230 in a position other than the light focusing point 
233, the focusing of light is not influenced by the damages. 

[0172] Further, the SIM 207 in which the lower end of the side reflecting surface 240 
laterally surrounds the light focusing point 233 allows the light to impinge on the light 
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focusing point 233 at a large incident angle (with respect to the axis 211) (or provides a 
maximum incident angle of approximately 90°), thereby forming a spot using a light 
component providing a large numerical aperture of the SIM 207. This achieves the 
formation of a minute spot to improve the recording density of the recording medium 9. 
[0173] On the other hand, an SIM having the lower surface 230 which is not flat may 
be easily designed since the lower surface 230 is not used as a reflecting surface. Fig. 22 
illustrates an SIM 207a having the lower surface 230 which is a near-flat conical surface 
with the light focusing point 233 at its vertex (or a conical surface with its vertex pointing 
I downward). The lower surface 230 of the SIM 207a is inclined from the light focusing 

£ point 233 toward the side reflecting surface 240 to prevent contact between the recording 

3 surface of the recording medium 9 and the SIM 207a if the SIM 207a is slightly tilted. 

hi 

^ [0174] The SIM 207a can also prevent damages to the reflecting surface since the 

O lower surface 230 is not used as the reflecting surface. Further, the SIM 207a in which 

[J the lower end of the side reflecting surface 240 substantially laterally surrounds the light 

S focusing point 233 can increase the maximum incident angle to reduce the spot size. 

[0175] The shape of the lower surface 230 may be changed as required. For a 
floating slider type optical head similar to the magnetic head of a hard disk, for example, 
only part of the lower surface 230 which has the possibility of contacting the recording 
medium 9 may be formed as an inclined surface. 

[0176] In the SIMs shown in Figs. 20 and 22, the side surface of the medium 210 is 
used as the side reflecting surface 240. When the side surface itself is used as the 
reflecting surface and a predetermined relationship is satisfied between the refractive 
index of the medium 210 and the incident angle of the light 7 on the side surface (side 
reflecting surface) 240, the light is totally reflected from the side surface. More 
specifically, light which satisfies the relationship n X sin*' ^ 1 is totally reflected 
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where n is the refractive index of the medium and 0' is the incident angle on the side 
surface. 

[0177] In the SIM 207 shown in Fig. 20, a minimum incident angle on the side 
surface is obtained near the boundary between the lower surface 230 and the side 
reflecting surface 240 and is approximately 45° . Thus, if the refractive index of the 
medium 210 is not less than l/sin45°, all of the light incident on the side reflecting 
surface 240 is totally reflected, that is, is directed onto the light focusing point 233. 
[0178] In the case of the SIM 207a shown in Fig. 22, since the minimum incident 
tD angle is slightly greater than 45° by the amount corresponding to the inclination of the 

lower surface 230, the refractive index of the medium is required only to be slightly less 
than l/sin45° . Therefore, the incident light is totally reflected when the refractive index 
of the medium is not less than l/sin<9 where 6 is the minimum incident angle on the 
side surface. 

[0179] In light of the foregoing, the refractive index of the medium 210 in the SIM 
207 and the SIM 207a is preferably not less than 1.41 (approximately l/sin45° ) and more 
preferably not less than 1.5. Such a refractive index is readily obtained by the use of 
glass and crystal as the medium 210. The medium 210 may be made of any material 
which has a refractive index of not less than 1 .4. 

[0180] Fig. 23 illustrates an SIM 207b produced by applying various types of coating 
to the SIM 207 shown in Fig. 20. 

[0181] The SIM 207b has a light shielding coat 224 formed in a central region of the 
upper surface 220 for intercepting the light 7, and a reflective coat 241 formed on the side 
surface thereof. A mask 236 is formed on the lower surface of the SIM 207b to prevent 
light from leaking outwardly from other than the light focusing point 233. These coats 
(including the mask) are formed, for example, as metal films. 
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[01821 The light shielding coat 224 on the upper surface 220 is formed to cause only 
part of the light 7 incident on the upper surface 220 which reaches the side surface to 
enter the medium 210. This causes only required light to enter the medium 210 and 
prevents unwanted light from propagating in the medium 210. 

[0183] The reflective coat 241 on the side surface is formed to ensure that the side 
surface acts as the reflecting surface, and also prevents unwanted light from entering the 
medium 210 from outside. 

[0184] The mask 236 on the lower surface is formed to prevent unwanted light from 
being released from the lower surface onto the recording medium 9. Preferably, the 
minute opening 231a formed at the light focusing point 233 is not greater than 

jj approximately 1 n m in diameter (or a dimension regarded substantially as a diameter). 

SS 

■ Further, when only the light in the near-field region of the light focusing point 233 is 

Q 

SI directed outwardly from the minute opening 231a for use in recording, reproduction and 

W 

erasure, the diameter of the minute opening 231a preferably is not greater than the 

0 

wavelength of light. 

[0185] The mask 236 on the medium surface near the light focusing point 233 may 
be formed integrally with the reflective coat 241 . 

[0186] The light shielding coat 224, the reflective coat 241 and the mask 236 may be 
formed on the SIM 207a shown in Fig. 22 or some of these coats may be selectively 
formed. 

[0187] Fig. 24 illustrates an SIM 207c having a construction for converting the 
collimated light 7 in the form of a light beam of a circular sectional shape into light in the 
form of a light beam of a ring-shaped sectional shape (i.e. a cylindrical light beam), in 
place of the light shielding coat 224 shown in Fig. 23 . Specifically, the SIM 207c shown 
in Fig. 24 comprises the ring-shaped member 261 having the substantially annular 
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reflecting surface 261a and the conical member 262 having the reflecting surface 262a, 
both of which are disposed over the medium 210 similar in shape to that of the SIM 207 
shown in Fig. 20. Sequential reflection of the light 7 in the form of the light beam of the 
circular sectional shape from the reflecting surface 262a and the reflecting surface 261a 
converts the light 7 into the cylindrical light beam which in turn is incident on the upper 
surface 220 of the medium 210. The reflecting surface 261a and the reflecting surface 
262a are provided by coating the surfaces of the respective members 261 and 262 with 
metal or the like for use as the reflecting surfaces. 
I [0188] The provision of such a construction achieves the effective use of the light 7 

and eliminates the need for the light shielding coat 224 shown in Fig. 23. The member 
262 may be mounted to the upper surface 220 to become integral with the medium 210. 
3 [0189] Fig. 25 shows an SIM 207d in which the reflecting surfaces 261a and 262a 

'° shown in Fig. 24 are formed at the surface of and inside a single member 260. Fig. 26 

W shows an SIM 207e in which the member 260 shown in Fig. 25 and the medium 210 are 

g integrated together. As shown in Figs. 25 and 26, the reflecting surfaces 261a and 262a 

may be disposed in various positions. 

[0190] The construction for converting the light 7 into the cylindrical light beam is 
not limited to those shown in Figs. 24 through 26, but a variety of other techniques may 
be used. For example, a prism may be used in place of the reflecting surfaces to 
generate a cylindrical light beam if the problem of chromatic aberration does not occur 
(e.g., when light with only one wavelength is used). 

[0191] Next, description will be given on a method of manufacturing the SIM 
described above. Fig. 27 shows a glass material 200 (e.g. lanthanum silica crown glass) 
being pressed by a top mold 61 1 and a bottom mold 612. The bottom mold 612 has a 
surface 613 conforming to the side surface of the SIM. While being heated by a heating 
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mechanism 62, the glass material 200 is pressed into the shape shown in Fig. 28. 
[0192] Thereafter, the glass material 200 shown in Fig. 28 is cut along the plane 234 
including the light focusing point 233, and the resultant cut surface is mirror-polished. 
As a result, the SIM 207 shown in Fig. 20 is produced. In this manner, the SIM 207 is 
produced by pressing the glass material 200 so that unnecessary part thereof is removed 
downwardly. 

[0193] Fig. 29 is a view for illustrating the process of forming the reflective coat 241 
shown in Fig. 23 on the SIM 207 shown in Fig. 20. 

[0194] A resist is previously formed on the upper and lower surfaces 220 and 230 of 
the SIM 207, and the upper surface 220 is mounted to a holder 632 at the tip of a rotary 
shaft 63 1 . The rotary shaft 63 1 is rotated about an axis thereof while aluminum 642 on a 
^ heating table 641 is heated in a high vacuum environment within a vacuum chamber 64. 

This deposits aluminum on the side surface (i.e., the side reflecting surface 240) of the 
SIM 207. After the deposition of aluminum, the resist is removed. Thus, the formation 
of the reflective coat 241 is completed. 

[0195] The seventh preferred embodiment according to the present invention has 
been described hereinabove. The present invention, however, is not limited to the 
above-mentioned preferred embodiment, but various modifications may be made thereto. 
[0196] For instance, the SIM according to the seventh preferred embodiment utilizes 
a parabola as the sectional shape of the reflecting surface to focus the collimated light 
easily and properly. However, the incident light may be gradually converging light or 
gradually diverging light, and the curved line of the reflecting surface as viewed in 
section may be modified as required. 

[0197] The side reflecting surface 240 need not be completely tubular but may be 
substantially tubular in shape. For example, a plurality of ring-shaped reflecting 
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surfaces arranged vertically may be used as the side reflecting surface 240 or a plurality 
of vertically extending reflecting surfaces arranged around the axis 211 may be used as 
the side reflecting surface 240. 

[0198] The light shielding coat 224 in the seventh preferred embodiment may be in 
the form of other than a coat, e.g. in the form of a disc-shaped light shielding member. 
Additionally, the light shielding member may be provided either outside or inside the 
medium 210, and may employ any member which can intercept the central region of the 
incident light. 

*Q [0199] In the recording/reproducing apparatus 1 according to the seventh preferred 

: \0 

M> embodiment, the SIM 207 may be fixed to the arm 18 or may be of a floating slider type 

M 

pj mounted to the arm 1 8 in a manner similar to a magnetic head of a hard disc. 

^ [0200] In the above-mentioned preferred embodiment, the light from the recording 

5 surface of the recording medium 9 of the recording/reproducing apparatus 1 is illustrated 

as directed through the SIM into the photodetector 14. Instead, the photodetector may 
be provided outside the optical head 2 to detect the light resulting from scattering of 
near-field light near the light focusing point 233 from the recording surface, not through 
the SIM. 

[0201] The SIM described above may be employed in other than the apparatus for 
recording, reproducing or erasing information on the recording medium 9. For example, 
the SIM may be employed in a master exposure apparatus for producing a master optical 
disc or a microscope for observation of samples. 

[0202] Although the configurations of the SIM have been described using the light 
propagating in the medium 210 when the light 7 is directed from above the upper surface 
220 of the SIM into the medium 210, it is not always necessary that the light is directed 
from above the upper surface 220 when the SIM is used. For example, when the SIM is 
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used for a near-field optical microscope for observation of a light-permeable sample in a 
transparent mode, illumination is provided in a direction opposite from the direction of 
observation, and near-field light near the surface of the sample is received by the SIM and 
directed outwardly through the upper surface 220. 

[0203] <9. Eighth Preferred Embodiment 

[02041 Fig. 30 is a schematic plan view showing a construction of a 

recording/reproducing apparatus 1C according to an eighth preferred embodiment of the 
present invention. The recording/reproducing apparatus 1C comprises: a rotating 
mechanism 5C for rotating the recording medium 9 such as an optical disc in a 
predetermined direction as indicated by an arrow 9a while holding the recording medium 
9 thereon; an optical head 2C for recording, reading (reproducing) and erasing signals on 
the recording surface of the recording medium 9; a controller 3C for providing a drive 
control signal to the optical head 2C and the rotating mechanism 5C; and a signal 
processor 4C for processing a recording signal (including an erase signal) for the 
recording medium 9 and a reproducing signal from the recording medium 9. 
[0205] The rotating mechanism 5C comprises the rotation driver 51 including a 
motor, and the rotating shaft 52. Based on the drive control signal from the controller 
3C, the rotation driver 51 rotates the rotating shaft 52 in the predetermined direction. 
The recording medium 9 is removable from the rotating shaft 52, and the recording 
medium 9 mounted to the rotating shaft 52 rotates integrally with the rotating shaft 52. 
[0206] The optical head 2C comprises an optical unit 20C for recording, reproducing 
and erasing signals in proximity to the recording surface of the recording medium 9. 
The optical unit 20C is connected through an optical fiber 22 to a light source unit 27. 
The optical unit 20C is mounted to an arm 23 which is pivotable by an arm driver 24 in a 
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substantially radial direction of the recording medium 9 as indicated by an arrow 23a 
under the control of the controller 3C. 

[0207] Fig. 3 1 is a schematic view showing a construction of the optical unit 20C and 
the light source unit 27. The light source unit 27 comprises the light source 11, lenses 
12 and 16 for directing light from the light source 1 1 into the optical fiber 22, the beam 
splitter 13 for reflecting light directed out of the optical unit 20C through the optical fiber 
22, and a photodetector 15 for detecting the light reflected from the beam splitter 13. 
Preferably, the light source 11 is a compact light source such as a semiconductor laser. 
S The light emission from the light source 1 1 is controlled by a drive circuit provided in the 

controller 3C. 

[0208] The optical unit 20C has a structure such that a holder 25 holds in place a 
^ solid immersion mirror (SIM) 208 into which divergent light is directed from the optical 

fiber 22. The holder 25 is connected to the arm 23 through a suspension 26. In such a 
structure, when the SIM 208 is brought into proximity to the recording surface of the 
recording medium 9 being rotated, an air flow produced between the holder 25 and the 
recording surface creates a slight gap between the lower surface of the SIM 208 and the 
recording surface. That is, the optical head 2C remains in such a state that the lower 
surface of the SIM 208 is in proximity to the recording surface of the recording medium 9, 
based on the same principle as a so-called floating slider type magnetic head of a hard 



Q 



disc. 



[0209] The light from the light source 11 is directed through an optical system 
including the lenses 12, 16 and the optical fiber 22 into the SIM 208. The light directed 
to the SIM 208 is reflected inside the SIM 208, and is then focused to a predetermined 
light focusing point on the lower surface of the SIM 208. The lower surface of the SIM 
208 and the recording surface of the recording medium 9 are positioned very close to each 
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other. This allows the recording, reproduction and erasure of information by the use of 
the light existing in the near-field region of a minute spot formed on the lower surface of 
the SIM 208. The SIM 208 is made principally of a high refractive index medium to be 
described later, and bringing the SIM 208 into proximity to the recording surface 
increases the numerical aperture near the light focusing point. This provides a very 
minute spot formed on the lower surface, to achieve high-density recording. 
[0210] The reflected light from the recording medium 9 (including light diffused in 
the near-field region of the minute spot) is directed out of the SIM 208 to the optical fiber 
22 and then enters the beam splitter 13. The light is reflected from the beam splitter 13 
and enters the photodetector 15. Thus, the information recorded on the recording 
medium 9 is read by the photodetector 15. 
^ [0211] Referring again to Fig. 30, the tip of the arm 23 is movable in the substantially 

IS 

R radial direction of the disc-shaped recording medium 9. Under the control of the 

^ controller 3C, the tip of the arm 23 is moved by the arm driver 24 while the recording 

medium 9 is rotated. This allows the SIM 208 to access any region of the recording 
surface, with the light focusing point of the SIM 208 opposed to the recording surface. 
In other words, the arm 23, the arm driver 24 and the rotation driver 51 constitute a 
scanning mechanism for scanning the SIM 208 along the recording surface. 
[0212] In accordance with the rotation of the recording medium 9 and the movement 
of the optical unit 20C, the signal processor 4C provides information to be recorded on 
the recording medium 9 through the controller 3C to the laser drive circuit, thereby to 
record (or erase) information on the recording medium 9. Further, the signal processor 
4C processes a signal detected by the photodetector 15 through the controller 3C, thereby 
to read the information recorded on the recording medium 9. The read information is 
outputted, as required, to other information processing equipment. 
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[0213] A variety of techniques utilizing light may be used to record, reproduce and 
erase information on the recording medium 9 in the recording/reproducing apparatus 1C. 
One preferable technique usable herein is to change an optical characteristic of a 
photochrome material by the use of light with different wavelengths. In this technique, 
a recording layer made of a photochromic material is provided on the recording surface of 
the recording medium 9, and the light source 11 has a plurality of laser light emitting 
devices for generating light of wavelengths, e.g., for recording, reproduction and erasure. 
Light of wavelengths which change the optical characteristic of the photochromic 
material is used as the light of wavelengths for recording and erasure, and light of a 
wavelength which makes no change in the optical characteristic of the photochromic 
material is used as the light of the wavelength for reproduction. 

[0214] The recording/reproducing apparatus 1C may record, erase and reproduce 
information by the use of light of only two wavelengths or may employ other principles 
which utilize light to record, erase and reproduce information. Alternatively, another 
apparatus may be used to record information whereas the apparatus shown in Fig. 30 is 
employed as a reproduction-only apparatus. 

[0215] Additionally, the recording/reproducing apparatus 1C, which employs the 
SIM 208 utilizing light reflection, does not cause a difference in degree of light focusing 
resulting from a light wavelength difference, i.e. chromatic aberration, and can properly 
focus light of various wavelengths. Therefore, the recording/reproducing apparatus 1C 
may be an apparatus capable of utilizing other recording media (e.g., CD, DVD and 
recording media to be developed in the future). 

[0216] Fig. 32 is a vertical sectional view showing a structure of the SIM 208 to be 
provided in the optical unit 20C. 

[0217] The SIM 208 is made principally of the light-permeable high-refractive-index 
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medium 210, and has the upper surface 220 formed in an upper portion of the medium 
210 and the lower surface 230 formed in a lower portion thereof. The side surface 
between the upper surface 220 and the lower surface 230 is a substantially tubular 
reflecting surface (referred to hereinafter as a "side reflecting surface") 240. The 
medium 210 has the shape of a solid of revolution about the axis 211. Light from the 
optical fiber 22 is directed from a light incident point 225 which is a minute region in the 
center of the upper surface 220 into the medium 210 inure form of divergent light 7D. 
,»2,8] A light shielding plate 212 is provided in the center of the SIM 208 to prevent 
ligh , from traveling direc.lv from the light incident point 225 to the lower surface 230. 
Thus, the divergent ligh. 7D is directed to the side reflecting surface 240, is reflected once 
from me side reflecting surface 240, and then is focused to a light focusing point 235 in 
the center of the lower surface 230. The ligh, shielding plate 212 may be omitted if the 
direct travel of the ligh. from the ligh. incident point 225 to the lower surface 230 does 
not affect the recording and reproducing operations. 

102191 Fig. 33 is a view for illustrating a principle used when making a design 
determination of the shape of the side reflecting surface 240 and the positions of the light 
incident point 225 and the light focusing point 235. 

l0 220) Assuming mat the divergent ligh. 7D is emitted ftom an upper focus 825 of an 
ellipse 890 and reflected from me ellipse 890, the reflected ligh, is focused on,o a lower 
focus 835 of ,he eilipse 890. Referring again ,o Fig. 32, par, of a curved surface 
produced by rowing the ellipse 890 about a major axis 81 1 of the ellipse 890 shown in 
Fig. 33 (shown as a straight line including the major axis; and ,„ be shown hereinafter in a 
simitar manner) corresponds to the side reflecting surface 240. Par, of a plane 820 
passing through me focus 825 and perpendicular ,o me major axis 81 1 corresponds ,o me 
upper surface 220, and par, of a plane 880 passing mrough the focus 835 and 
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perpendicular to the major axis 81 1 corresponds to the lower surface 230. The position 
of the upper focus 825 corresponds to the position of the light incident point 225, and the 
position of the lower focus 835 corresponds to the position of the light focusing point 



235. 



[0221] By determining the shape of the side reflecting surface 240 and the positions 
of the light incident point 225 and the light focusing point 235 as described above, the 
divergent light 7D entering the medium 210 from the light incident point 225 is reflected 
once from the side reflecting surface 240 while propagating in the medium 210, and is 
then focused to the light focusing point 235. Therefore, bringing the recording surface 
of the recording medium 9 into proximity to the light focusing point 235 achieves 
information recording, reproduction and erasure utilizing near-field light. 
$ [0222] For reproduction of recorded information, the light focused to the light 

□ focusing point 235 is scattered from the recording surface, and then enters the medium 

W 210 from the light focusing point 235 in the form of divergent light. The divergent light 

| is reflected from the side reflecting surface 240, and is then focused to the light incident 

point 225. Thereafter, the light is directed from the light incident point 225 through the 
optical fiber 22 and the beam splitter 1 3 to the photodetector 1 5, as shown in Fig. 3 1 . 
[0223] Since the SIM 208 is rotationally symmetric about the axis 211 serving as a 
center of rotation, light is incident on the light focusing point 235 uniformly from 
therearound to form a properly circular spot. Consequently, the recording/reproducing 
apparatus 1C can perform proper recording, reproducing and erasing operations. 
[0224] In the SIM 208, the light is reflected only once from the side reflecting surface 
240 before being focused. In other words, the SIM 208 can focus the light to the light 
focusing point 235 without reflecting the light from the lower surface 230 thereof. In 
case of damages to the lower surface 230 in a position other than the light focusing point 
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235, the focusing of light is not influenced by the damages. 

[0225] Further, the SIM 208 in which the lower end of the side reflecting surface 240 
laterally surrounds the light focusing point 235 allows the light to impinge on the light 
focusing point 235 at a large incident angle (with respect to the axis 21 1) (or provides a 
maximum incident angle of approximately 90° ), thereby forming a spot using a light 
component providing a large numerical aperture near the light focusing point 235. This 
achieves the formation of a minute spot to improve the recording density of the recording 
medium 9. 

[0226] On the other hand, an SIM having the lower surface 230 which is not flat may 
be easily designed since the lower surface 230 is not used as a reflecting surface. For 
example, an SIM produced with the lower surface 230 which is a near-flat conical surface 
with the light focusing point 235 at its vertex (or a conical surface with its vertex pointing 
downward) prevents contact between the recording surface of the recording medium 9 
and the SIM if the SIM is slightly tilted. Only part of the lower surface 230 which has 
the possibility of contacting the recording medium 9 may be formed as an inclined 
surface. 

[0227] Fig. 34 illustrates an SIM 208a produced by applying various types of coating 
to the SIM 208 shown in Fig. 32. 

[0228] The SIM 208a has the reflective coat 241 formed on the side surface thereof. 
A mask 237 is formed on the lower surface of the SIM 208a to prevent light from leaking 
outwardly from other than the light focusing point 235. These coats (including the 
mask) are formed, for example, as metal films. 

[0229] The reflective coat 241 on the side surface is formed to ensure that the side 
surface acts as the reflecting surface even if the side surface does not satisfy a total 
reflection requirement for the light entering the medium 210, and also prevents unwanted 
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light from entering the medium 210 from the outside. 

[0230] The mask 237 on the lower surface is formed to prevent unwanted light from 
being released from the lower surface onto the recording medium 9. The minute 
opening 231a is formed at the light focusing point 235. Preferably, the minute opening 
231a is not greater than approximately 1 m m in diameter (or a dimension regarded 
substantially as a diameter). Further, when only the light in the near-field region of the 
light focusing point 235 is directed outwardly from the minute opening 231a for use in 
recording, reproduction and erasure, the diameter of the minute opening 231a preferably 
is not greater than the wavelength of light. 

[0 231] The mask 237 on the medium surface near the light focusing point 235 may 
be formed integrally with the reflective coat 241. Only any one of the reflective coat 
241 and the mask 237 may be selectively formed. The reflective coat and the mask may 
be formed, as required, on other SIMs to be described later. 

[0232] <1 0 . Ninth Preferred Embodiment 

[0233] Another form of the SIM for use in the recording/reproducing apparatus 1C 
will be described according to a ninth preferred embodiment of the present invention. 
Fig. 35 is a vertical sectional view showing an SIM 208b according to the ninth preferred 

embodiment. 

[02341 The SIM 208b is made principally of the light-permeable 

high-refractive-index medium 210, and has the shape of a solid of revolution about the 
axis 211. The upper surface 220 is a flat surface, and the lower surface 230 is a 
downwardly protruding convex surface. Light from the optical fiber 22 (not shown) is 
directed from the light incident point 225 in the center of the upper surface 220 into the 
medium 210 in the form of the divergent light 7D. The divergent light 7D is reflected 
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from the lower surface 230, and then impinges on the upper surface 220 while being 
focused. Thereafter, the light is reflected again from the upper surface 220, and is then 
focused to the light focusing point 235. 

[0235] Fig. 36 is a view for illustrating a principle used when making a design 
determination of the shapes and arrangement of the upper and lower surfaces 220 and 230 
and the positions of the light incident point 225 and the light focusing point 235. 
[0236] Assuming that the divergent light 7D is emitted from a lower focus 825a of an 
ellipse 880a and reflected from the ellipse 880a, the reflected light is focused onto an 
upper focus 825b of the ellipse 880a. A plane 820a is defined which passes through the 
focus 825a and is perpendicular to the major axis 811, and is assumed to reflect light. 
Then, when the length of the major axis of the ellipse 880a (or the distance between the 
two points of intersection of the major axis 81 1 and the ellipse 880a) is three times greater 
than the distance between the two foci 825a and 825b, the focus 825b and a lower end 
point 835a (the lower point of intersection of the major axis 81 1 and the ellipse 880a) are 
in symmetric relationship with respect to the plane 820a. 

[0237] Therefore, the light emitted from the focus 825a and reflected from the ellipse 
880a and the plane 820a is focused to the point 835a. Referring again to Fig. 35, a lower 
part of a curved surface produced by rotating the ellipse 880a about the vertical major 
axis 811 of Fig. 36 corresponds to the lower surface 230, and part of the plane 820a 
passing through the focus 825 and perpendicular to the major axis 811 corresponds to the 
upper surface 220. The position of the lower focus 825a corresponds to the position of 
the light incident point 225, and the position of the point 835a corresponds to the position 
of the light focusing point 235. 

[0238] By determining the shapes and arrangement of the upper and lower surfaces 
220 and 230 and the positions of the light incident point 225 and the light focusing point 
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235 as described above, the divergent light 7D entering the medium 210 from the light 
incident point 225 is reflected sequentially from the lower surface 230 and the upper 
surface 220 while propagating in the medium 210, and is then focused to the light 
focusing point 235. Therefore, bringing the recording surface of the recording medium 
9 into proximity to the light focusing point 235 achieves information recording, 
reproduction and erasure utilizing near-field light. 

[0239] For reproduction of recorded information, the light focused to the light 
focusing point 235 is scattered from the recording surface, and then enters the medium 
210 from the light focusing point 235 in the form of divergent light. The light travels 
along the reverse path, and is then focused to the light incident point 225. Thereafter, 
the light is directed from the light incident point 225 through the optical fiber 22 and the 
beam splitter 13 to the photodetector 15. 

[0240] Since the SIM 208b is rotationally symmetric about the axis 21 1 serving as a 
W center of rotation, light is incident on the light focusing point 235 uniformly from 

P therearound to form a properly circular spot. 

[0241] Additionally, the SIM 208b which has the downwardly convex lower surface 
230 prevents contact between the lower surface 230 and the recording medium 9 if the 
SIM 208b is tilted. This prevents damages to the reflecting surface. 
[0242] When forming a reflective coat on the lower surface 230 of the SIM 208b, a 
coat serving both as the reflective coat and as a mask near the light focusing point 235 
may be formed. 



SJ 



SI 



[0243] <1 1 • Tenth Preferred Embodiment 

[0244] Still another form of the SIM for use in the recording/reproducing apparatus 
1C will be described according to a tenth preferred embodiment of the present invention. 
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Fig. 37 is a vertical sectional view showing an SIM 208c according to the tenth preferred 
embodiment. 

[0245] The SIM 208c is made principally of a light-permeable high-refractive-index 
medium which has a portion designated by the reference character 210a of Fig. 37, and 
two protruding portions designated by the reference character 210b. The portion 
designated by the reference character 210a has a shape obtained by cutting a cube along a 
plane including a pair of opposed edges (or the shape of a prism with a base having the 
shape of a rectangular equilateral triangle). Each of the protruding portions designated 
by the reference character 210b has a shape obtained by cutting a solid produced by 
rotating a parabola about a symmetry axis along a plane including the symmetry axis. 
[0246] Figs. 38 and 39 are views for illustrating a principle used when making a 
design determination of the shape of the SIM 208c and the positions of the light incident 
point 225 and the light focusing point 235. 

[0247] With reference to Fig. 38, assuming that the divergent light 7D is emitted 
from the focus 825c of a parabola 850 and reflected from the parabola 850, the reflected 
light becomes collimated light 71. Conversely, when collimated light parallel to a 
symmetry axis ^"incident on the parabola 850, the light is focused onto the focus 



825c. 

[0248] It is assumed that a curved surface is defined which is produced by rotating 
the parabola 850 about the symmetry axis 801a. This curved surface may be used both 
as a reflecting surface for converting divergent light from the focus into collimated light 
and as a reflecting surface for focusing collimated light onto the focus. 
[0249] Fig. 39 shows an SIM with the medium surface including curved surfaces 25 1 
and 252 produced by rotating two parabolas protruding in opposite directions about a 
common symmetry axis. Part of the SIM below the symmetry axis is removed. With 
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reference to Fig. 39, the divergent Ugh, 7D entering the medium from the light incident 
point 225 positioned at the focus of the curved surface 251 is reflected from the curved 
surface 251, thereby to be converted into the collimated light 71. The collimated light 
7, is reflected from the curved surface 252 and then focused to the light focusing point 
235 positioned a. the focus of the curved surface 252. This attains the SIM which 
focuses the divergent light 7D entering the medium from the light incident point 225 to 
the light focusing point 235. 

,02501 The SIM shown in Fig. 39 in which the light incident point 225 and the light 
focusing point 235 are present on the same lower surface is not preferable in shape for use 
in the recording/reproducing apparatus 1C. Folding the direction of travel of light using 
a plane 253a (perpendicular to the plane of the figure) in the SIM of Fig. 39 produces the 

SIM 208c shown in Fig. 37. 

[02511 More specifically, each of the curved surfaces 251 and 252 serving as the 
reflecting surfaces in Fig. 37 is par. of a curved surface produced by rotating a parabola 
about a symmetry axis, and the light incident point 225 and the light focusing point 235 
.re positioned at the foci of Ute curved surfaces 251 and 252, respectively. The 
divergent light 7D entering the medium from the light incident point 225 is converted by 
me curved surface 251 into the collimated light 71. Thereafter, the collimated light 71 is 
reflected from a reflecting surface 253 to change the direction of travel, and is then 
focused by the curved surface 252 to the light focusing point 235. 

(02521 When a curved surface produced by rotating a parabola about a symmetry axis 
is used to convert divergent light (light diverging at a uniform intensity in any direction) 
into collimated light, a sectional intensity distribution of the collimated light taken along a 
plane perpendicular to the symmetry axis is not uniform. However, the SIM 208c 
employs the curved surfaces 251 and 252 of the same shape, and the light reflected along 
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a predetermined path of reflection from the curved surface 251 travels in the reverse 
direction of the corresponding path of reflection from the curved surface 252 and then is 
reflected from the curved surface 252. Thus, the light conversion made by the curved 
surface 251 and the light conversion made by the curved surface 252 are in exactly 
inverse relation to each other. ^ 

[02531 Therefore, when the light divergent at a uniform intensity in various directions 
is converted by the curved surface 251 into the collimated light which in turn is converted 
by the curved surface 252 into convergent light, the convergent light is incident on the 
light focusing point 235 at a uniform intensity from various directions to form a proper 
light spot at the light focusing point 235. The curved surfaces 251 and 252 are required 
to have the same shape only in their regions which effectively reflect light. 
[0254] Further, in the SIM 208c, the lower surface 230 including the light focusing 
h point 235 is not used as a reflecting surface. In case of damages to the lower surface 230 

U in a position other than the light focusing point 235, the focusing of light is not influenced 

— by the damages. 

* [0255] Although the portion of the SIM 208c which is designated by the reference 

character 210a is illustrated as having the shape obtained by cutting a cube in half, the 
shape of this portion may be changed as required insofar as this portion can direct the 
light from the curved surface 251 to the curved surface 252. A reflective coat may be 
formed as required on the curved surfaces 251, 252 and the reflecting surface 253. 
Further, the surfaces on which the light incident point 225 and the light focusing point 
235 are present respectively need not be flat. 
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[0256] <1 2. Other Forms of SIM> 

[0257] Although the SIM 208c according to the tenth preferred embodiment employs 
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the reflecting surfaces for conversion between the diverging or converging light and the 
collimated light, surfaces of various shapes other than that shown in Fig. 37 may be used 
as such reflecting surfaces. 

[0258] The medium 210 shown in Fig. 40 has a side surface which is a curved 
surface 266 produced by rotating a parabola about the axis 21 1 as a symmetry axis, and a 
central point 267 of a lower surface 263 thereof is positioned at the focus of the parabola. 
The curved surface 266, when used as a reflecting surface, can convert the divergent light 
from the point 267 into the collimated light 71, and conversely focus to the point 267 the 
| collimated light 71 parallel to the axis 21 1 which is incident on the curved surface 266. 

S [0259] Fig. 41 is a vertical sectional view of an SIM 208d provided with two 

vertically arranged curved surfaces 266 each shown in Fig. 40 for focusing the divergent 
light entering the medium 210 from the light incident point 225 on the upper surface 220 
to the light focusing point 235 on the lower surface 230. The SIM 208d has a curved 
3 surface 264 which is part of a curved surface produced by rotating a first parabola about 

the axis 21 1 serving as the symmetry axis, and the light incident point 225 is positioned at 
the focus of the first parabola. The SIM 208d further has a curved surface 265 which is 
also part of a curved surface produced by rotating a second parabola (with a symmetry 
axis corresponding to the axis 21 1) about the axis 21 1, and the light focusing point 235 is 
positioned at the focus of the second parabola. Thus, the divergent light 7D entering the 
medium 210 from the light incident point 225 is converted by the curved surface 264 into 
the collimated light 71. The collimated light 71 travels along the axis 211, is reflected 
from the curved surface 265, and is then focused to the light focusing point 235. 
[0260] The light shielding plate 212 is provided, as required, in the medium 210 to 
prevent divergent light from traveling directly to the light focusing point 235. 
[0261] Since the SIM 208d is rotationally symmetric about the axis 21 1 serving as a 
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center of rotation, light is incident on the ligh, focusing point 235 uniformly from 
therearound to form a properly circular spot. Further, the lower surface 230 of the SIM 
208d is no, used as a reflecting surface. In case of damages to the lower surface 230 in a 
position other than the light focusing point 235, the focusing of light is not influenced by 

the damages. 

|0262] Additionally, the SIM 208d allows the light to impinge on the light focusing 
point 235 at a large incident angle (with respect to the axis 211), thereby forming a spot 
using a light component providing a large numerical aperture near the Ugh, focusing point 
235. This achieves <he formation of a minu,e spot to improve the recording density of 

the recording medium 9. 

[0263] Fig. 42 shows another example of the reflecting surface for conversion 
between ,he diverging or converging light and the collimated light. With reference to 
Fig. 42, the reflecting surface for light conversion comprises a reflecting surface element 
271 and a reflecting surface element 272. The reflecting surface element 271 is annular 
about the axis 211, and the reflecting surface element 272 is circular about the axis 21 1. 
(0264) Fig. 43 is a view for illustrating the relationship between the reflecting surface 
elements 271 and 272. With reference to Fig. 43, assuming that the collimated light 71 
parallel to the symmetry axis 801a is reflected from a parabola 871, the reflected light is 
focused onto the focus 874 of the parabola 871. A line 872 is drawn which is a 
perpendicular bisector of a line segment connecting the vertex 873 and the focus 874 of 
the parabola 87 1 . Assuming that light is reflected from the line 872, the reflected light is 
focused onto the vertex 873. 

[0265] Referring again to Fig. 42, the reflecting surface element 271 is par, of a 
curved surface produced by rotating the parabola 871 about the symmetry axis 801a, and 
the reflecting surface element 272 is par, of a fla, surface produced by routing the line 
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872 about the symmetry axis 801a. A point 273 on the boundary of the medium 210 is 
provided at a position corresponding to the vertex 873 (substantially in the center of the 
reflecting surface element 271). Thus, the collimated light 71 incident on the reflecting 
surface element 271 along the axis 211 is reflected sequentially from the reflecting 
surface elements 271 and 272, and is then focused to the point 273. Conversely, the 
divergent light from the point 273 is reflected sequentially from the reflecting surface 
elements 272 and 271, thereby to be converted into the collimated light 71. 
[0266] If the refractive index of the medium 210 and the incident angle on the 
reflecting surface elements satisfy the total reflection requirement, it is not necessary to 
provide the reflecting surface elements 271 and 272 as the reflective coat, but the surface 
of the medium 210 itself may be used as a reflecting surface element. 
[0267] Fig. 44 is a vertical sectional view of an SIM 208e provided with two 
vertically arranged reflecting surface element groups each shown in Fig. 42. The SIM 
208e has reflecting surface elements 275 and 276 corresponding to the reflecting surface 
O element 271 of Fig. 42, and reflecting surface elements 274 and 277 corresponding to the 

reflecting surface element 272 of Fig. 42. The light incident point 225 and the light 
focusing point 235 correspond to the point 273 of Fig. 42. In other words, the reflecting 
surface element 275 is an annular reflecting surface opposed to the reflecting surface 
element 274, and the light incident point 225 is positioned substantially in the center of 
the reflecting surface element 275. The reflecting surface element 276 is an annular 
reflecting surface opposed to the reflecting surface element 277, and the light focusing 
point 235 is positioned substantially in the center of the reflecting surface element 276. 
[0268] The reflecting surface elements 274 and 275 constitute a reflecting surface for 
sequentially reflecting the divergent light entering the medium 210 from the light incident 
point 225 to convert the light into the collimated light 71, and the reflecting surface 
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elements 276 and 277 constitute a reflecting surface for sequentially reflecting the 
collimated light 71 to focus the light to the light focusing point 235. The reflecting 
surface elements 274 and 277 are opposite surfaces of a single plate-like reflecting 
member (a thin film made of metal or the like). 

[0269] Since the SIM 208e is rotationally symmetric about the axis 21 1 serving as a 
center of rotation, light is incident on the light focusing point 235 uniformly from 
therearound to form a properly circular spot. Additionally, the SIM 208e which has the 
downwardly convex lower surface can prevent contact between the SIM 208e and the 
recording medium 9 if the SIM 208e is tilted. 

[0270] Fig. 45 is a vertical sectional view of an SIM 208f obtained by combining 
together a portion of the SIM 208e of Fig. 44 which includes the light incident point 225 
and a portion of the SIM 208d of Fig. 41 which includes the light focusing point 235. 
Also in the SIM 208f, the divergent light from the light incident point 225 is reflected 
from the reflecting surface elements 274 and 275 while propagating in the medium 210, 
and is thereby converted into the collimated light 71 parallel to the axis 211. Then, the 
light is focused to the light focusing point 235 by the curved surface 265. 
[0271] The characteristic of the light to be focused to the light focusing point 235 
may be changed as required by causing a relationship between the characteristic of the 
reflecting surface for converting the divergent light into the collimated light 71 and the 
characteristic of the reflecting surface for converting the collimated light 71 into the 
convergent light to differ from a merely inversely converting relationship, that is, by 
providing different shapes of these reflecting surfaces (including the reflecting surface 
element group), as in the SIM 208f. 

[0272] For instance, the SIM 208f may be adapted such that a maximum incident 
angle (with respect to the axis 21 1) at which light is incident on the light focusing point 
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235 is greater than a maximum outgoing angle (with respect to the axis 211) of the 
divergent light from the light incident point 225. Thus, the SIM 208f can form a spot 
using a light component providing a large numerical aperture near the light focusing point 
235 even if the degree of divergence of the incident divergent light is small. This 
achieves the formation of a minute spot to improve the recording density of the recording 
medium 9. 

[02731 The technique for making different from each other the reflecting surface for 
converting the divergent light into the collimated light and the reflecting surface for 
converting the collimated light into the convergent light as in the SIM 208f may be used 
for the SIM 208c shown in Fig. 37, the SIM 208d shown in Fig. 41, and the SIM 208e 
shown in Fig. 44. Specifically, each of these SIMs is designed to comprise two curved 
surfaces each produced by rotating a parabola about a symmetry axis. Making the 
parabolas for use in designing these curved surfaces different in size from each other 
provides different shapes between the curved surface containing the light incident point 
225 and the curved surface containing the light focusing point 235, thereby allowing 
changes in light focusing characteristic at the light focusing point 235 as required. 
Changes in light focusing characteristic are attained if the two reflecting surfaces are 
identical in entire shape but have respectively differently shaped regions for actually 
effectively reflecting light. 



[0274] <1 3 • Method of Manufacturing SIMs> 

[0275] Description will now be given on a method of manufacturing the SIMs 208, 
and 208b to 208f described above. 

[0276] Fig. 46 shows the glass material 200 (or a glass gob) which is titanium silica 
glass being pressed for manufacture of the SIM 208 shown in Fig. 32 by a glass molding 
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process. The glass material 200 is pressed in an atmosphere of nitrogen gas within a 
quartz tube 63 using the top mold 61 1, a pair of side molds 617, 618 and a bottom mold 
614 while being heated by the heating mechanism 62. The side molds 617 and 618 have 
curved surfaces produced by rotating an ellipse about the major axis thereof. 
[0277] The top mold 61 1 is sized to create a clearance between the top mold 61 1 and 
each of the side molds 617, 618 during pressing, and unwanted portions 200a remain in 
an upper portion of the glass material 200 after being pressed, as shown in Fig. 47. Then, 
the unwanted portions 200a are removed by polishing to the position of a surface 220a 
corresponding to the upper surface, and the manufacture of the SIM 208 is completed. If 
required, the coats illustrated in Fig. 34 are formed. 

[0278] The SIM 208b shown in Fig. 35 which is similar in shape to a convex-piano 
" lens is formed by a conventional glass molding process. As required, a coat is formed 

on the reflecting surface. 

[0279] Fig. 48 shows pressing for manufacture of the SIM 208c shown in Fig. 37. 
In Fig. 48, the glass material 200 is also pressed in an atmosphere of nitrogen gas within 
the quartz tube 63 using a top mold 61 5 and a bottom mold 616 while being heated by the 
heating mechanism 62. The glass material 200 is pressed into the shape shown in Fig. 
49 by a glass molding process, and a lower portion 200b is polished to form a surface 
including a point corresponding to the focus of the parabola. The above-mentioned 
process produces a half portion of the SIM 208c. As required, a reflective coat is 
formed. 

[0280] Thereafter, as shown in Fig. 50, the two pressed glass materials 200 are 
bonded together at a surface 200c using an optically matched adhesive or the like, and the 
manufacture of the SIM 208c is completed. The SIM 208c need not always be produced 
from two portions of the same shape. 
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[0281] The SIMs 208d, 208e and 208f shown in Figs. 41 , 44 and 45 are manufactured 
by individually forming the upper and lower parts thereof by a glass molding process. 
Thereafter, a reflective coat is formed, as required, and the upper and lower parts are 
bonded together using an optically matched adhesive or the like. The SIMs 208d, 208e 
and 208f may be adapted such that a surface of separation between the upper and lower 
parts is perpendicular to the direction of travel of the collimated light 71, in which case it 
is not necessary to provide optical matching for bonding. Further, the upper and lower 
parts need not be bonded together. 
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[0282] <1 4. Other Modifications 

[0283] The preferred embodiments according to the present invention have been 
described hereinabove. The present invention, however, is not limited to the 
above-mentioned preferred embodiments, but various modifications may be made thereto. 
[0284] For instance, when the surface of the medium 210 itself is used as the 
reflecting surface in the SIMs of the above-mentioned preferred embodiments, the higher 
the refractive index of the medium 210 is, the more reliably reflection is achieved. In 
general, the refractive index is preferably not less than 1.5. Such a refractive index of 
not less than 1.5 is readily obtained by the use of glass as the medium 210. Other 
materials such as crystal may be used as the medium 210. 

[0285] The medium 210 need not have well-defined portions corresponding to the 
upper and lower surfaces. Specifically, in the SIM 208 or the SIM 208b, the light 
incident point 225 is required only to be present on a boundary in an upper part of the 
medium 210, and the light focusing point 235 is required only to be present on a boundary 
in a lower part of the medium 210. 

[0286] In the above-mentioned preferred embodiments, the reflecting surface may be 
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formed inside to medium 210 without using the surface of the medium 210 as to 

reflecting surface. 

[02871 In the SIM 208 shown in Fig. 32, the side reflecting surface 240 is required 
only to be a substantially tubular reflecting surface extending from the upper part to the 
tower par, of the medium 210. It is no. necessary that the upper and lower surfaces 220 
and 230 are in contact with the side reflecting surface 240. Moreover, the side reflecting 
surface 240 need not be completely tubular bu, may be substantially tubular in shape. 
For example, a plurality of ring-shaped reflecting surfaces arranged vertically may be 
used as the side reflecting surface 240 or a plurality of vertically extending reflecting 
surfaces arranged around the axis 21 1 may be used as the side reflecting surface 240. 
[0288] In the SIM 208b shown in Fig. 35, the upper and lower surfaces 220 and 230 
used as the reflecting surface may have the shapes of Cher surfaces ton a flat surface and 
a curved surface produced by rotating an ellipse. If other curved surfaces are used, a 
downwardly protruding convex shape of to lower surface 230 can prevent contact 
between the lower surface 230 and to recording medium 9 which results from tilting of 
the SIM. In place of the lower surface 230, a downwardly protruding convex reflecting 
surface may be formed in to medium. Such a structure can provide a convex lower 
surface and achieve to nonuse of the lower surface as to reflecting surface, thereby to 
prevent contact between to lower surface and the recording medium 9 which results from 
tilting of the SIM or to prevent damages to the reflecting surface. 

,0289] The SIMs shown in Figs. 37, 41, 44 and 45, in which the divergent light is 
converted into to collimated light which in turn is focused, can change to distance of 
propagation of to collimated light in to medium, as required. This increases to 
flexibility in determining to positional relationship between to light incident point 225 
and the light focusing point 235. 
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,«290] As in the SIM 208c shown in Fig. 37, the provision of an intermediate 
reflecting surface for changing the direction of travel of the coUimated ligh, between the 
reflecting surface for converting the divergent light into the collimated tight and the 
reflecting surface for converging the coUimated ligh. can achieve further increase in 
flexibility in determining the positional relationship between the light incident point 225 
and the light focusing point 235. The number of intermediate reflecting surfaces for 
reflecting the collimated light is no. limited to one but may be two or more. Further, the 
incident angle of tire light on the intermediate reflecting surface may be changed freely. 
The SIMs shown in Figs. 41, 44 and 45 may be provided with the intermediate reflecting 
surface. 

I0 291] With reference to Fig. 42, the shapes of the reflecting surface elements 271 
and 272 are no, limited .o those described above. For instance, the reflecting surface 
element 272 may be a downwardly protruding conical surface, and the shape of the 
reflecting surface element 271 may be determined as required in accordance with the 
shape of the reflecting surface element 272. Conversely, the reflecting surface element 
271 may be a downwardly protruding conical surface, and the shape of .he reflecting 
surface element 272 may be determined as required to accordance with the shape of the 
reflecting surface element 271 . 

l0 292] Although the divergent light is directed from the optical fiber 22 into the SIM 
in the above description, a scattering member may be provided between the optical fiber 
22 and the light incident point 225 of the SIM. Alternatively, other techniques for 
directing the divergent light into the SIM may be used without using the optical fiber 22. 
For example, a light source may be directly mounted on the light incident point 225, in 
which case the recording/reproducing apparatus 1C has a compact optical structure. 
[0293] The optical head 2C of the recording/reproducing apparatus 1C may have 
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other structures than that shown in Figs. 30 and 31. For example, the arm 23 may be 
disposed in a direction from the center of rotation of the recording medium 9 to the outer 
periphery thereof and make a linearly sliding movement in this direction. The optical 
unit 20C may be fixed to the arm 23 directly, rather than through the suspension. 
[0294] In the above-mentioned preferred embodiments, the light from the recording 
surface of the recording medium 9 of the recording/reproducing apparatus IC is 
illustrated as directed through the SIM into the photodetector 15. Instead, a 
photodetector may be provided outside the optical head 2C to detect released light 
resulting from scattering of near-field light near the light focusing point 235 from the 
recording surface without passing through the SIM. 

[0295] The SIMs described above may be employed in other than the apparatus for 
recording, reproducing or erasing information on the recording medium 9. For example, 
the SIMs may be employed in a master exposure apparatus for producing a master optical , 
disc or a microscope for observation of samples. 

[0296] Although the configurations of the SIM have been described using the light 
propagating in the medium 210 when the divergent light 7D is directed from the light 
incident point 225 of the SIM into the medium 210, it is not always necessary that the 
light is directed from the light incident point 225 when the SIM is used. For example, 
when the SIM is used for a near-field optical microscope for observation of a 
light-permeable sample in a transparent mode, illumination is provided in a direction 
opposite from the direction of observation, and near-field light near the surface of the 
sample is obtained at the light focusing point 235 and directed outwardly at the light 
incident point 225. Thus, the terms "light incident point 225" and "light focusing point 

235" are used herein for purposes of merely illustrating the configurations of the SIM. 

[0 297] While the invention has been described in detail, the foregoing description is 
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in all aspects illustrative and not restrictive. It is understood that numerous other 
modifications and variations can be devised without departing from the scope of the 
invention. 



